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INTRODUCTION 


The  research  conducted  during  this  Program  involved  sub- 
stantial  efforts  in  primary  production  process  metallurgy; 
conventional  physical  metallurgy /mechanical  property  evalua- 
tions; and  fracture  property/microstructure  interactions 
employing  three  widely  used  a + S Ti  alloy  compositions.  We 
considered  the  diversity  of  results  obtained  here  and  assumed 
that  certain  readers  may  only  be  interested  in  say  process 
metallurgy  results  as  opposed  to  conventional  physical /mechanical 


metallurgy  evaluations  and/or 


behavior 


patterns.  On  this  basis,  we  decided  to  partition  the  total 

sum  of  results  obtained  here  by  principal  subject  matter  under 

one  of  the  three  following  subsections: 

PART  I - CRYSTALLOGRAPHIC  TEXTURE  DEVELOPMENT 
IN  a + 6 TITANIUM  ALLOYS 

PART  II  - ON  THE  MECHANICAL  BEHAVIOR  OF  BASAL 
TRANSVERSE  lEXTURED  TITANIUM  ALLOYS 

PART  III  - ON  THE  GROWTH  OF  CRACKS  IN  BASAL  TRANSVERSE 

TEXTURED  a + & TITANIUM  ALLOYS  AS  A FUNCTION 

OF  CHEMICAL  ENVIRONMENT 

Each  Part  is  a complete  entity  containing  its  own  set  of 


relevant  Tables,  Figures,  References,  etc.  Thus,  the  reader 


who  is  only  interested  in  the  details  associated  with  a 
portion  of  this  rather  broad  ranged  study  can  easily  by-pass 
those  portions  of  the  work  which  are  of  lesser  interest  to 
him.  In  order  that  all  readers  may  have  the  opportunity  to 
overview  the  total  sum  of  results  obtained  here,  we  have  also 
included  a Section  labelled  SUMMARY. 


SUMMARY 


Research  was  conducted  during  this  effort  to  define  the 
relation ship(s)  between  mechanical  properties  and  crystal- 
lographic texture  development  in  three  commonly  used  a + 8 
Ti  alloy  compositions.  Texture  development  was  monitored 
during  the  conversion  of  production  ingot  stock  to  one  quarter 
inch  thick  rolled  plate  as  a function  of  thermo mechanical 
processing.  The  three  alloy  compositions  were:  6A1-4V  Ti  ELI 

Grade,  6A1-4V  Ti  Standard  Grade,  and  6 A 1 - 2 Sn - 4 Z r - 6Mo  Ti,  Suf- 
ficient quantities  of  one  specific  textural  type,  basal  transverse, 
were  produced  for  all  three  compositions  to  permit  extensive 
mechanical  and  fracture  property  testing  at  room  and  elevated 
temperature  as  a function  of  product  orientation.  Material 
properties  evaluated  were:  elastic  modulus,  monotonic  stress: 

strain  behavior,  cyclic  stress  :strain  behavior,  notched  and 
unnotched  fatigue,  fracture  toughness  (Resistance  Curves), 

K i c and  da/dn  vs.  A K . The  last  two  properties  were  evaluated 
In  both  lab  air  and  3,5%  NaCl  in  H^O  as  a function  of  final 
thermal  practice. 

Results  of  this  effort  include  the  establishment  of  the  conditions 
required  for  the  production  of  either  a basal  transverse  texture 


1 
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or  an  isotropic  basal  pole  array  in  equiaxed  microstructures  of 
all  three  alloy  chemistries.  The  role  played  by  post  rolling 
thermal  practice  in  altering  and/or  intensifying  a Ti  crystal- 
lographic textures  has  been  modelled  and  experimentally  corrobora- 
ted. Experimentally  verified  deformation  mechanisms  are  pre- 
sented to  elucidate  the  over-riding  role  played  by  prior  thermo- 
mechanical billet/plate  rolling  process  history  in  determining 
the  final  c r y s t a 1 1 o g r ph i c textures  a given  product  will  exhibit. 
This  rationale  extends  even  to  the  case  where  the  starting  per- 
ferredly  oriented  material  is  additionally  worked  an  additional 
90%  (reduction  in  thickness)  under  a wide  variety  of  conditions. 

The  uniaxial  unnotched  mechanical  properties  of  strongly  basal 
transverse  textured  6A1-4V  Ti  and  6Al-2Sn-4Zr-6Mo  Ti  have  been 
shown  to  be  highly  anisotropic  in  the  temperature  range  70°F  to 
1000°F.  All  three  alloy  chemistries  showed  a 20%  improvement  in 
Young's  Modulus  at  70°F  when  results  obtained  in  the  long  trans- 
verse direction  were  compared  with  data  taken  parallel  to  the 
rolling  direction.  For  example,  the  two  6A1-4V  Ti  chemistries 
achieved  Young's  Moduli  in  excess  of  20  x 1 0 ^ psi  in  the  long 
transverse  direction  at  70°F.  Similarly,  25%  improvements  in  both 
monotonic  and  cyclic  tensile  properties  were  also  observed  at  70°F 
when  long  transverse  direction  oriented  samples  of  all  three 
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materials  were  compared  to  their  rolling  direction  counterparts. 
Moreover,  the  cyclic  compression  yield  strength  of  the  6A1-4V  Ti 
ELI  Grade  composition  at  70°F  in  the  long  transverse  direction 
was  188  Ksi  vs.  94  Ksi  in  the  rolling  dir  ~tion.  All  of  the 
above  quoted  70°F  strength  and  Young's  Moduli  differences  with 
orientation  increased  significantly  when  the  above  measurements 
were  remade  at  700°F.  Smooth  fatigue  lives  in  8A1-4V  Ti  were 
also  improved  in  the  long  transverse  direction  at  all  stress 
levels.  Notched  fatigue  S-N  data  ( K = 4 ) were  the  same  for  both 
orientations  in  all  three  alloy  chemistries.  In  the  temperature 
range  700°F  - 100  0 ° F , the  creep  resistance  parallel  to  the  long 
transverse  direction  in  6A1-4V  Ti  was  always  found  to  be  significantly 
better  than  its  rolling  direction  counterpart.  The  creep  resist- 
ance of  the  6A1-4V  Ti  composition  was  also  found  to  be  a function 
of  test  environment  with  the  material  in  both  orientations  ob- 
served to  be  significantly  more  creep  resistant  in  vacuum  (3  x 

10  of  H ) than  in  lab  air.  M i c r o s t r u c t ur  a 1 / c r v s t a 1 1 o g r a ph  i ^ 

g 

mechanisms  are  offered  to  rationalize  the  several  mechanical  pro- 
perty improvements  noted  in  this  work. 

Crack  growth  velocities  induced  by  either  static  or  fatigue  loading 
in  basal  transverse  textured  6A1-4V  Ti  and  8Al-2Sn-4  7.r-6Mo  Ti 
alloys  are  not  only  a strong  function  of  alpha  phase  crystal- 
lography, but  are  as  well  significantly  dependent  on  final  thermal 
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practice  and  detailed  alloy  chemistry.  Working  with  strongly 
basal  transverse  textured  versions  of  both  generic  alloy  comp- 
ositions, two  c r y s t a 1 1 ogr aph ic a 1 ly  distinct  modes  of  cleavage 
fracture  have  been  identified  during  fatigue  at  low  AK.  These 
are  (1)  the  well  known  "near  basal"  cleavage  observed  in  both 

lab  air  and  3.5%  NaCl  in  II  ^0  and  (2)  cleavage  on  or  near  the 

prism  plane  of  the  alpha  phase  which  only  occurred  during  salt  water 
testing.  The  velocity  of  cracks  propagating  via  a "near  basal" 
cleavage  mode  is  very  sensitive  to  minor  changes  in  final  thermal 
processing  and  alloy  chemistry.  Combinations  of  such  small  changes 
can  alter  the  observed  crack  growth  rates  by  a factor  of  100  during 

fatigue  in  3,5%  NaCl  in  H^O,  In  contrast  to  the  extreme  velocity 

sensitivity  of  "near  basal"  cleavage  to  minor  metallurgical  changes, 
prism  cleavage  is  virtually  insensitive  to  such  changes. 
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forming  and  isothermal  forging)  effect  their  cost  saving  by 
producing  a virtually  "net  part"  through  metal  flow  above  1400°F 
in  the  case  of  6A1-4V  Ti.  These  "net  parts"  are  then  slowly 
cooled  in  their  tooling  to  room  temperature  for  use  in  this 
final  heat  treatment  state.  Recognizing  the  potential  problems 

that  could  arise  as  these  novel  manufacturing  practices  are 

f 

| adopted  for  use  in  the  aerospace  industry,  recommendations  are 

I 

p 

! presented  for  their  avoidance  and  specific  tasks  are  suggested 

{ 
fi 

f for  additional  research  in  this  important  area. 

A hypothesis  is  proposed  to  account  for  "near  basal"  cleavage 
crack  growth  observed  under  static  and  fatigue  loadings  in  lab  air 
and  3.5%  NaCl  in  1^0  environments.  The  model  predicts  that  the 
velocity  of  such  "near  basal"  cleavage  cracks  is  a product  of 
some  function  of  the  alloy's  hydrogen  concentration  times  some 
function  related  to  the  degree  of  short/long  range  ordering  of  Al 
and  0 in  the  alpha  phase.  The  metallurgical  origins  of  prism 
cleavage  are  unclear  at  this  time. 
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PART  I 


CRYSTALLOGRAPHIC 
TEXTURE  DEVELOPMENT  IK  ct  + g 
TITANIUM  ALLOYS 


Textures  arise  as  a result  of  extensive  plastic  deformation 
usually  in  one  direction,  and  may  be  modified  or  strengthened 
by  subsequent  recrystallization  annealing.  In  titanium  alloys 
where  the  hexagonal  phase  predominates,  the  textures  which 
develop  are  usually  described  in  terms  of  the  orientation  of 
the  basal  plane  (0001).  The  basal  textures  which  develop  in 
titanium  alloys  during  deformation  operations  can  be  broadly 
classified  as  those  in  which  the  basal  planes  are  parallel 
with  the  rolling  plane  (Figure  1(a))  and  those  in  which  the 
basal  planes  are  normal  to  the  rolling  plane  (Figure  1(b)). 

The  former  textures  are  well  documented  to  result  in  improved 
biaxial  strength  properties  (References  1-4).  fhe  latter 
textures,  by  contrast,  produce  mechanical  property  aniso- 
tropy in  the  rolling  plane  (References  5-7). 

Development  of  rolling  practices  suitable  for  generation  of 
biaxially  strengthened  6A1-4V  titanium  alloy  products  (i.e,, 
Figure  1(a)  textures)  has  been  studied  extensively  (References 
1-4).  In  order  to  produce  a strong  Figure  1(a)  type  texture 


SCHEMATIC  VIEW  OF  ALPHA  PHASE  TEXTURED  PLATES  & THEIR 
CORRESPONDING  BASAL  PLANE  POLE  FIGURES 


texture  in  6A1-4V  Ti,  one  requires  chat  a substantial  amount 
of  deformation  (>85%  reduction  in  area,  see  References  1-4) 
be  imparted  to  the  metal  in  the  temperature  range  1000°F  - 
1500°F.  In  this  temperature  range,  the  alpha  phase  volume 
fraction  always  exceeds  85%. 

Texture  development  for  biaxial  strength  thus  controlled  by 
the  deformation  behavior  of  the  alpha  phase.  Moreover,  the 
equilibrium  chemical  composition  of  the  alpha  phase  in  6A1-4V 
Ti  approximates  that  of  the  binary  alloy  Ti  6.6  w t . A 1 . In 

this  regard,  Paton  et  al  (Reference  8)  have  studied  the  temp- 
erature and  alloy  composition  dependence  of  plastic  flow  in 
Ti-Ai  single  crystals.  Their  work  indicates  that  the  critical 
resolved  shear  stresses  (crss)  for  basal  and  prism  slip  modes 
with  a <1120>  vector  are  equal  above  500°F.  By  contrast,  the 

— ^ —V 

crss  for  <c  + a>  vector  slip  is  uniformly  a factor  of  5 higher 

than  that  for  <a>  vector  slip  between  500°F  and  1400°F.  One 

thus  expects  the  extensive  deformation  associated  with  a rolling 

■+ 

mill  campaign  involving  alpha  Ti  to  be  controlled  by  <a>  vector 
slip.  Elementary  textbooks  generally  describe  slip  controlled 
deformation  texture  evolution  in  terms  of  rotation  of  the  active 
slip  plane  into  an  orientation  normal  to  the  axis  of  rolling 
compression  with  the  active  slip  direction  parallel  to  the 
rolling  tensile  axis  (or  rolling  direction).  Based  on  the  above 
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one  would  predict  that  extensive  unidirectional  rolling  of 
an  a + g Ti  alloy  such  as  6A1-4V  Ti  below  1 5 00°  F should  produce 
basal  pole  texture  wherein  the  <QQ01>  vectors  are  uniformly 
distributed  along  a great  circle  connecting  the  short  transverse 
and  width  directions  of  the  rolled  product. 

Support  for  the  above  texture  development  model  can  be  found 
in  the  works  of  Harrigan  et  al  (Reference  4)  and  Fitzpatrick 
and  Crossley  (Reference  1).  In  both  works,  extensive  unidir- 
ectional rolling  of  6A1-4V  Ti  sheet  at  1300°F  from  previously 
isotropic  billets  resulted  in  a preferred  orientation  of  basal 
poles  distributed  along  the  great  circle  connecting  the  thick- 
ness and  width  directions  of  the  sheet  product.  Fitzpatrick  and 
Crossley  (Reference  1)  demonstrated  this  same  pole  figure  was 
also  obtainable  on  the  unidirectional  rolling  3f  7Al-2.5Mo  Ti 
sheet  in  the  temperature  range. 

In  order  to  obtain  the  perfect  biaxial  strengthening  texture 
shown  in  Figure  1(a),  Fitzpatrick  and  Crossley  (Reference  1) 
and  Fredericks  (Reference  3)  extensively  cross-rolled  their 
6A1-4V  Ti  sheet  and  plate  products  in  the  temperature  range 


1000°F  - 1500°F.  By  continually  changing  rolling  direction 

between  reduction  passes,  the  slip  anisotropy  of  the  hexagonal 

phase  ( T^asa^-  - fprisra  _ 3^  / 5 x c + a>  Reference  8)  forces 

crss  crss  crss, 

rotation  of  all  basal  poles  previously  in  the  rolling  plane  to 
a direction  parallel  to  the  products  thickness  direction  in  order 
to  provide  the  metal  with  continued  deformation  capability  as 
opposed  to  cracking.  This  latter  observation  provides  yet 
another  bit  of  evidence  attesting  to  the  validity  of  tire  "alpha 
phase  slip  anistropy"  model  for  Figure  1(a)  texture  development. 

Figure  1(b)  presents  an  ideal  basal  transverse  pole  figure.  In 
contrast  with  our  relatively  high  level  of  understanding  of  the 
production  methods  required  to  generate  the  Figure  1(a)  texture, 
no  general  agreement  exists  as  to  the  mechanism  by  which  this 
textural  type  evolves.  Nor  has  any  investigator  begun  his 
rolling  campaign  with  billet  whose  crystallographic  texture 
was  demonstrated  to  be  random  initially  and  generated  a strong 
basal  transverse  texture  from  scratch,  as  it  were.  Two  investi- 
gators, Fredericks  (Reference  3)  and  Zarkades  and  Larson 
References  6 and  7),  have  proposed  models  to  account  for  this 
textural  type  often  found  in  commercially  rolled  a + 6 Ti  alloy 
and  plate. 
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Fredericks  hypothesized  that  the  basal  transverse  alpha  phase 
• texture  results  from  a strain  controlled  beta  to  alpha  trans- 

formation. Specifically,  he  points  out  that  if  one  transforms 
the  conventional  bcc  coldwork  texture,  (100)  [lio]  • v-*-a  the 
Burgers  relation  with  the  additional  constraint  that  the  only 
permissible  alpha  variant  formed  is  that  which  introduces 
transformation  strains  compatible  with  the  ongoing  rolling 
deformation  (i.e. , a large  tensile  strain  in  the  rolling  dir- 
ection, a large  compression  strain  in  the  thickness  direction 
and  a very  small  tensile  strain  in  the  width  direction),  his 
result  is  an  alpha  phase  product  with  a basal  transverse  texture. 
Consequently,  he  argues  that  this  texture  will  most  readily 
form  when  50%  or  more  of  the  metal  volume  is  bet  (i.e.,  roll 
near  the  beta  transus  in  a + 8 alloys).  Zarkades  and  Larson 
(Reference  6)  also  recommend  rolling  near  but  below  the  beta 
transus  in  order  to  obtain  our  desired  basal  transverse  texture. 
However,  their  concept  of  the  manner  in  which  this  texture  is 
formed  is  quite  different  than  that  of  Fredericks.  The  latter 
authors  postulate  the  texture  forms  as  a result  of  increased 
{ 1122}  twinning  which  these  authors  theorize  occurs  preferentially 
in  the  alpha  phase  when  at  least  25%  of  the  overall  microstructural 
volui.ie  is  occupied  by  the  beta  phase  (see  Figure  2). 
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Figure  2:  Rotations  of  the  (0001)  pole  due  to  various 
twin  and  slip  modes (taken  from  Reference  6). 

It  thus  appears  that  one  should  be  able  to  control  the  basal 
deformation  texture  of  a + S Ti  alloys  by  simply  controlling 
rolling  temperature  and  extent  of  c r o s s - ro 1 1 ing . That  is  to 
say  extensive  unidirectional  rolling  at  temperatures  near  the 
beta  transus  should  produce  a strong  basal  transverse  texture. 

Recall  that  similar  rolling  campaigns  begun  below  1500°F  have 
been  shown  to  defocus  the  basal  pole  concentration  along  a great 
circle  connecting  the  width  and  thickness  directions  o 2 the  product. 


A third  category  of  deformation  induced  basal  pole  distribution 
in  rolled  plate  is  random.  Commercial  mill  rolled  plate  pro- 
duct is  more  often  than  not  produced  with  a random  array 
of  basal  poles  (i.e.,  mechanical  property  isotropy  exists 
in  three  orthogonal  directions.)  However,  no  published 
manufacturing  methods  describe  how  this  textural  mode  can  be 
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generated  nor  are  there  any  analytics]  models  in  existence 
which  predict  the  conditions  required  to  generate  a well 
worked  fine  grain  a + 6 equiaxed  microstructure  in  isotropic 
rolled  sheet  and  plate  products. 

One  objective  of  the  current  work  is  to  determine  the  plate 
rolling  campaign  parameters  required  to  produce  basal  trans- 
verse texture  having  begun  with  a plate  billet  whose  basal  pole 
distribution  is  known  to  be  random.  Once  these  parameters  are 
defined  experimentally,  one  should  be  able  to  distinguish  between 
the  Fredericks  and  Zarkades  and  Larson  hypotheses  for  its  genera- 
tion. Another  objective  is  to  define  the  rolling  parameters 
required  to  produce  equiaxed,  mechanically  isotropic  plate. 

Three  distinct  a + 0 Ti  alloy  compositions  will  be  employed  in 
this  study  to  examine  the  generality  of  our  texture  generation 
findings.  These  are: 

- 6A1-4V  Ti  ELI  Grade 

- 6A1-4V  Ti  Standard  Grade 

- 6Al-2Sn-4Zt -6Mo  Ti 


EXPERIMENTAL  PROCEDURE 


Melting  and  forging  descriptions  for  all  three  alloys,  employed 
in  this  work  are  given  in  Tables  I - III.  Alloy  chemistries 
and  beta  transi  can  also  be  found  for  all  three  in  these  Tables. 

All  heats  were  un id i rec t ional ly  forged  to  cross  sections  of 
approximately  6"  x 4V . A majority  of  the  forging  deformation 

j 

was  carried  out  below  the  beta  transi  of  the  respective  alloys.  I 

1 

I 

All  rolling  campaigns  in  this  work  involved  unidirectional  working 
of  the  individual  4V  thick  billet  stock  to  k,"  thickness  (i.e.,% 

94%  reduction  in  thickness).  The  rolling  mill  employed  in  this 
work  was  of  the  two  high  variety.  Its  roll  diameter  was  12"  and 
its  face  width  was  16".  It  was  driven  by  a 75  h.p.  motor  and  was 
capable  of  a maximum  speed  of  100  linear  ft/minute.  Its  maximum 
opening  was  5"  and  its  maximum  width  was  10".  j 

i 

1 

i 

Prior  to  roiling,  the  billets  were  heated  in  a laboratory  furnace  j 

located  adjacent  to  the  mill  to  minimize  heat  losses  associated 
with  transfer  of  the  work  pieces  from  the  furnace  to  the  mill. 

The  laboratory  furnace  temperature  was  controlled  to  +10°F  and 
the  metal  was  normally  soaked  in  the  furnace  for  at  least  1 hour 
prior  to  rolling  in  order  to  assure  its  temperature  uniformity. 
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TABLE  I 


Supplier 
Heat  No  : 


T1-6A1-4V  ELI  MATERIAL 

Crucible  Steel  Corporation 
R 5 1 64  5 


Ingot  Description:  29"  diameter  x 39.7"  long,  4060  lbs. 

Double  consumable  arc  melted. 

C hem i s t r y : 

A 1 V 02  C N Fe  H 

Aim  579 tO.  3 4.0 ibTs  0.10±0.02  1 - ~ 


i 


Actual  6.0 
Beta  Transus : 


3.8  0.095  0.013  0.01  0.05  0.0027 

1 7 6 0 ° F 


l! 


i 


•tin  !L . I,  iti  Jllii iJUUtUlL  ll'Miu!  1„,  Iilii lit:  IUL„:  Mi.'ll  III  ;l  ■!;.  Hi:  I,.:  Ill,  mi  |L>. 


TABLE  II 

T1-6A1-4V  STANDARD  GRADE  MATERIAL 


Supplier : 
Melter : 
Heat  No . : 


International  Titanium  Corporation 
Ti  Tech  International,  Inc. 

A-290 


Ingot  Description:  24"  diameter  x 118"  long,  8700  lbs. 

Double  consumable  vacuum  arc  melted. 


Chemistry : 

A 1 V 02  C N Fe 

Aim  ?.  9 1 0 . 3 4.0  + 0. 5 0. 17  + 0. 02  1 - 

Actual  5.94  3.83  0.162  0.030  0.012  0.17 

Beta  Transus:  1830°F 

Process  Sequence: 

1.  Straight  draw  out  forge  from  24"  round  to  17" 
at  2000°F . 

2.  Straight  out  forge  to  10"  square  at  1850°F.* 

3.  Straight  out  forge  to  6"  square  at  1750°F.* 

4.  Straight  out  forge  to  6 1/8"  x 4 3/8"  x length 

at  1 7 5 0 ° F.* 

5.  Condition  all  over.  Sonic  test. 

*Reheat  at  1450°F. 


H 


0.0044 


square 
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TABLE  III 


Ti -6Al-2Sn-4Zr-6Mo  MATERIAL 


Supplier:  Oregon  Metallurgical  Corporation 

Heat  No . : 784-004 

Ingot  Description:  24"  diameter  x 50"  long,  3690  lbs. 

Double  consumable  vacuum  arc  melted. 


Chemist  ry  : 

A1 

Sn 

Zr 

Mo 

°2 

Aim 

5 . 9i0 . 3 

2 .0+0.2 

4. 0+0.4 

6 . 0+0.5 

0. 10+ . 02 

Ac  t ual 

5 . 75 

2 . 07 

4.16 

6.2 

0.127 

C 

N 

Fe 

H 

Aim 

- 

- 

- 

- 

Actual 

0.030 

0.008 

0.06 

0.0068 

Beta  Transus : 

1 7 35°F 

Process 

Sequence : 

1.  Upset  forge  from  24"  diameter  x 5"  long  to  31"  diameter 
x 30"  length  at  2050°F. 

2.  Straight  draw  out  forge  to  25"  square  at  205 0°F. 

3.  Straight  out  cog  to  20"  square  at  1650°F.* 

4.  Beta  anneal  at  1850°F. 

5.  Straight  out  cog  to  9V  round  at  1560  JF.' 

6.  Straight  out  forge  to  6 1/8"  x 4 1/2"  x length  at  1650°F.* 

7.  Condition  all  over.  Sonic  test. 

♦Reheat  when  metal  wouldn't  hone  ( n,  1400°F) 
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Slab  temperature  following  individual  passes  during  a given 
rolling  campaign  were  determined  rapidly  with  a Ray-O-Tube 
device.  Tetnpil  sticks  were  used  to  confirm  the  Ray-Q-Tube 
determinations  at  the  completion  of  each  rolling  schedule. 

Individual  pieces  of  the  various  rolled  products  were  subjected 
to  various  post  rolling  thermal  practices.  These  heat  treatments 
are  catalogued  in  Table  IV. 

The  degree  and  type  of  texture  obtained  with  the  thermo mechanical 
treatment  (TMT)  schedules  employed  in  this  work  was  determined 
in  terms  of  both  Young's  Modulus  anisotropy  and  X-Ray  pole  figures. 
Young's  Modulus  in  a given  direction  was  measured  dynamically  by 
pinning  a V'  diameter  4"  long  bar  at  the  center  of  its  length 
and  measuring  the  frequency  required  to  resonate  the  bar  at  its 
fundamental  frequency.  The  frequency  of  the  configuration's  first 
and  second  overtones  were  also  established  in  order  to  assure 
that  the  fundamental  resonance  measurement  was  proper.  Young's 
Modulus  can  be  calculated  with  these  data  and  the  use  of 
equation  (1): 
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Alloy 

6 A 1 - 4 V Ti 
ELI  Grade 


TABLE  IV 

P o ST  ROLL  I NC  HEAT  TREATM ENT  SCHEDULE 


Des ignat Ion 
"Mill  Annealed" 

"Recrystall  i2ed" 
"Beta  Annealed" 
"Duplex  Annealed" 


Heat  Treatment 

1 3 50°  F / 1 hour  + furnace  cool 
at  less  than  100°F/hour 

1710°F/4  hours  + furnace 
cool  at  less  than  100  F/hour 
to  room  temperature 

1 7 1 0°  F / 4 hoursQ+  1900°F/10 
minutes  + 1710  F/l  hour  + 

1 4 00°F / air  cool 

1710°F/4  hours  t^urnace  cool 
at  less  than  100  F/hour  to 
14 00° F/l  hour  + air  cool 


6A1-4V  Ti  "Rec  rystallized" 

Standard  Grade 

6Al-2Sn-4Zr-  "Mill  Annealed" 

6 Mo  Ti 

"Recrystal lized" 


1 7 S0U  F / 4 hours  + furnace  cool 
at  less  than  100  F/hour  to 
room  temperature 

1 2 00°  F / 1 hour  + air  cool 

1700°F/8  hours  + furnace 
cool  + 1200  F/l  hour 
air  cool 


i 
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1 


(1) 


E = 4p  v ^ l2  (1) 

Where  E = Young's  Mo dulus 

v = fundamental  mode  resonant  frequency 

1 = length  of  bar 
p B density  of  metal 

= 0.160  lbs/in3  for  6A1-4V  Ti 
= 0.169  lbs/in3  for  6A1-2 Sn-4Zr-6Mo  Ti 

The  X-Ray  pole  figures  were  obtained  from  the  Boeing  Co.  em- 
ploying a modification  of  the  Kula-Looata  technique  as  described 
in  Reference  9 . 


RESULTS 


In  this  section,  we  shall  present  detailed  accounts  of 
the  methods  and  procedures  required  to  generate  either  a 
basal  transverse  texture  or  a random  array  of  basal  poles 
in  each  alloy.  To  characterize  the  impact  that  forging 
practice  has  on  texture  development,  basal  pole  figures  were 
assessed  upon  completion  of  the  forging  procedures  described 
in  Tables  I - III.  Samples  were  taken  from  both  the  surface 
and  center  of  each  4k"  thick  billet.  Results  for  6A1-4V  Ti 
and  6Al-2Sn-4Zr-6Mo  Ti  samples  taken  from  the  surface  position 
are  shown  in  Figures  3 and  4.  As  one  can  note,  both  billets 
exhibit  virtually  a random  array  of  basal  poles  despite  a 
significant  amount  of  unidirectional  forging  in  the  a + 6 

field.  Beta  transi  determinations  for  6A1-4V  Ti  ELI  Grade 
and  6Al-2Sn-4Zr-6Mo  Ti  are  shown  in  Figure  5.  To  simplify 
the  presentation  of  our  findings,  let  us  review  rolling 
induced  texture  generation  in  each  of  the  three  distinct  alloy 
compositions  separately.  It  should  be  noted  that  rolling  de- 
formation was  unidirectional  throughout  the  work. 

6 A 1 - 4 V Ti  ELI  Grade 

Nine  types  of  t he r mome chan i c a 1 treatment  procedures  were  applied 
to  4k"  thick  billet  stock  in  order  to  convert  the  billet  to 


Figure  3 

Basal  Pole  Figure  for  4!«"  thick 
6A1-4V  Ti  Forge  Billet-Sample 
Taken  From  Surface  Location. 


i 


d e s c 


cedures  in  some  detail.  As  one  can  note  from  Table  V,  three 
distinct  types  of  rolling  campaign  were  conducted  here. 

Methods  1 and  2 involved  reducing  the  metal's  thickness 
isothermally  (i.e.  , the  workpiece  was  reheated  after  each 
reduction  pass).  Methods  3-5  involved  reheating  the  work- 
piece  several  times  during  the  operation  as  detailed  in  the 
Table.  Methods  6-9  involved  continuous  thickness  reduction 
on  a reversing  mill  without  intermediate  reheats.  Details 
of  the  d e f o rma t ion% / in s t an t an e o u s slab  t emp e r a t ur a / e 1 aps e d 
time  during  rolling  relation  for  Methods  6 and  7 are  given 
in  Figure  6.  Also  shown  in  this  Figure  is  the  equilibrium 
beta  transus  temperature  for  this  alloy  composition  determined 
f rom  Figure  5 . 


Preferred  orientations  of  basal  and  prism  poles  following  the 
thermomechanical  processing  described  in  Table  V were  assessed 
by  two  independent  methods.  Basal  and  prism  pole  figure  quadrants 
were  determined  employing  an  X-Ray  diffraction  technique. 
Additionally  Young's  moduli  were  assessed  for  the  rolling 
and  width  directions  of  all  products.  The  moduli  measurements 
relate  to  preferred  orientation,  in  that  the  elastic  properties 
of  the  alpha  phase  are  anisotropic  (see  Figure  7). 


Deformation  Temperature 
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In  Table  VI,  we  present  data  describing  the  variation  in  Young's 
modulus  anisotropy  with  thermomechanical  processing.  In  Figures 
8 - 14,  we  present  basal  and  prism  pole  figure  quadrants  developed 
for  metal  processed  via  Methods  1,  2,  5,  6,  and  7 respectively. 

Examination  of  the  elastic  modulus  data  (Table  VI)  and  the  basal/ 
prism  pole  figures  (Figures  8 - 11)  associated  with  Methods  1 and 
2 indicate  that  extensive  isothermal  rolling  just  below  the  alloy's 
beta  transus  produces  a very  weak  basal  transverse  texture  when 
the  metal  is  subsequently  mill  annealed  (heat  treatment  details  are 
given  in  Table  IV)  as  in  Method  1.  This  basal  pole  preferred  or- 
ientation can  be  further  randomized  to  the  point  where  the  metal 
is  virtually  isotropic  by  simply  exposing  the  metal  to  its  initial 
rolling  temperature  (1710°F)  for  an  additional  four  hours  (see 
Method  2).  The  latter  observation  can  be  seen  either  from  the 
X-Ray  pole  figures  referred  to  above  or  the  elastic  modulus 
anisotropy  shown  in  Table  VI. 

If  one  permits  the  workpiece  temperature  to  decline  from  + 

40°F  to  the  vicinity  of  1500°F  while  the  metal  is  rapidly  reduced 
in  thickness  (60%  reduction  in  75  seconds)  prior  to  reheating  to 
- 50°F,  the  width  direction  of  the  metal  develops  a significant 
concentration  of  basal  poles.  This  texture  development  assertion 
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TABLE  VI 

VARIATION  IN  YOUNG'S  MODULUS  ANISOTROPY 
WITH  THERMOMECHANICAL  PROCESSING 

' OF  - - 

6A1-4V  Ti  ELI  ^RADE 


EVlJth  Direction  A‘EW-R 
<y  '■<*'  psi)  ; -J  x lO^psi) 


1 

16.50 

.0.70 

2 . . 

2 

17 . 35 

ie.  25 

0.8 

3 

15.25 

19.00 

3.  4 5 

4 

15.96 

19.20 

3.2' 

5 

15 . 96 

: , '2 

3.7b 

6 

15.20 

19.50 

■ >.30 

7 

15.75 

ro.  is 

4.43 

8 

17.25 

1 • • 65 

-0.55 

9 

15.45 

2 0.2  r, 

4 .80 

10 

15.55 

19.65 

4 . 10 

i 

*For  tliermomechanical  process  history,  please  see  Table  V 


can  be  seen  in  terms  of  the  Young's  modulus  anisotropy  shown 
for  Methods  3 and  4 in  Table  VI.  The  basal  transverse  texture 
can  be  intensified  if  one  only  reheats  the  metal  once  as  opposed 
to  several  times.  For  example,  compare  elastic  modulus  aniso- 
tropy results  shown  in  Table  VI  for  Methods  3 and  4 versus 
Method  5-  The  basal  pole  figure  associated  with  Method  5 metal 
is  shown  in  Figure  12. 

Based  on  the  results  obtained  in  Method  5 where  the  number  of 
reheats  was  reduced  to  one,  it  was  decided  to  process  an  1800°F 
metal  billet  from  4 V in  thickness  to  V thickness  without 
reheating.  The  results  of  this  work  are  shown  as  Methods  6-10 
in  terms  of  elastic  constants  in  Table  VI  and  in  terms  of  basal 
pole  figures  in  Figures  13  and  14.  To  gauge  the  impact  of  el- 
iminating the  single  reheat  during  the  texture  rolling  campaign 
one  should  compare  the  results  for  Methods  5 and  6 wherein  the 
metal  is  placed  in  a common  heat  treat  condition  after  rolling. 
Basal  pole  figures  for  the  two  Methods  (compare  Figures  12  and  13) 
are  virtually  identical  as  are  the  width  direction  Young's  moduli. 
Recrystallizing  the  strongly  textured  Method  6 metal  causes  the 
basal  transverse  texture  to  become  even  more  intense.  Compare  the 
results  for  Method  7 metal  with  that  of  Method  6 (for  comparable 
basal  pole  figures,  see  Figures  13  and  14;  for  comparable 


DIRECTION 


values,  see  Table  VI). 


Figure  12:  Material— 6A1—4V  Ti 
ELI  Grade 

TMT  Process  Method.5 


Figure  13:  Material— 6A1—4V  Ti 
ELI  Grade 

TMT  Process  Method* 


R.D. 


In  order  to  ascertain  how  reproducibly  Method  7 would  generate 
an  intense  basal  transverse  texture,  three  independent  4V  thick, 
billets  of  metal  were  rolled  to  *5"  thick  plate  employing  this 
method  on  three  separate  occasions.  The  results  of  this  study 
are  given  in  Table  VII  in  terms  of  Young's  Modulus  anisotropy. 


TABLE  VII 

ON  THE  RELIABILITY  OF  METHOD 
7 TO  PRODUCE  A STRONG  BASAL 
TRANSVERSE  TEXTURE 


Method 

ERo 11 ing 
(xlO  psi) 

EWidth 
(x  106p s i ) 

aew-r 

7 (original) 

15  . 75 

20. 18 

4 .43 

7(a) 

15 .65 

20.25 

4 . 60 

7(b) 

15 . 62 

20 .11 

4.49 

In  addition  to  studying  the  relationship  between  rolling  practice 
and  basal  pole  texture  development,  we  have  also  studied  the 
response  of  the  strong  basal  pole  transverse  texture  generated 
by  thermal  cascade  rolling  (see  Table  V)  to  post  rolling 
thermal  practice.  Results  obtained  in  this  effort  are  sum- 
marized in  Table  VIII  In  terras  of  elastic  modulus  anisotropy. 
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TABLE  VIII 

THE  EFFECT  OF  POST  ROLLI NC 


THERMAL 

PRACTICE 

ON  BASAL 

TRANSVERSE 

TEXTURE 

INTENSITY 

6A1-4V  T 1 ELI  Grade 


Me  thod 

Heat  Treatment 

ERol  1 
(xlO^ps i) 

EWidth 
( xlO^ps i ) 

aew-r 

(xl06psl ) 

6 

Mill  Anneal* 

15  . 20 

19.50 

4 . 10 

7 

Recrystallization* 

15.75 

20. 18 

4.43 

8 

Beta  Anneal* 

17.25 

16  . 65 

-0.55 

9 

Duplex  Anneal* 

15.45 

20. 25 

4 . 80 

10 

1 7 1 0° F / 4 hr.  + 
air  cool  to  70  F 

15.55 

19 . 65 

4 . 10 

*as  defined  in  Table  IV 

Employing  the  magnitude  of  the  width  direction  modulus  as  an 
arbiter  of  basal  pole  intensity  in  that  direction,  one  can  con- 
clude, as  noted  earlier,  that  recrystallizing  a strongly  basal 
transverse  product  below  its  beta  transus  and  cooling  the  product 
slowly  from  its  re crystallization  temperature  intensifies  the 
preference  of  basal  poles  in  the  width  direction  (compare  Methods 
6 and  7).  Standard  optical  metallography  was  employed  to  ascertain 
that  the  warm  worked  structure  present  in  the  Method  6 metal  re- 
crystallized during  the  1710°F/4  hour  treatment  applied  to  Method  7 
material.  Once  intensified  by  sub transus  recrystallization,  the 


metal  can  be  subsequently  processed  at  lower  temperatures  and 
cooled  rapidly  in  air  without  adversely  affecting  the  texture 


of  the  product.  These  results  are  marked  contrast  with  our 
earlier  report  that  recrystallization  of  weakly  textured  metal 
.tended  to  randomize  the  distribution  of  basal  poles  (review 
results  in  Table  VI  for  Methods  1 and  2).  Cooling  the  metal 
rapidly  in  air  from  its  subtransus  recrystallization  temperature 
produced  a small  dimunition  In  transverse  basal  pole  population 
(compare  results  for  Methods  7 and  10).  Once  the  metal  was  heated 
over  its  beta  transus,  all  semblance  of  the  deformation  induced 
basal  transverse  texture  was  lost  (coupa':e  results  for  Methods 
7 and  8 ) . 

6A1-4V  Ti  - Standard  Grade 

The  role  played  by  oxygen  content  in  basal  transverse  texture 

generation  was  assessed  by  subjecting  a 4V  thick  billet  of 

this  oxygen  richer  alloy  to  a the ’rmomechan i c al  process  scheme 

similar  to  Method  2 (detailed  in  Table  V)  for  the  ELI  Grade  of 

this  alloy.  Comparison  of  actual  alloy  chemistries  listed  in 

Tables  I and  II  demonstrate  that  the.  only  significant  difference 

between  the  two  heats  of  metal  is  the  72%  higher  oxygen  level 

in  the  Standard  Grade  metal.  The  only  significant  changes 

between  Method  7 and  the  thermomechanical  practice  applied  to 

the  Standard  Grade  of  the  alloy  (hereafter  known  as  Method  11) 

were  to  increase  the  workpiece  temperature  prior  to  rolling  to 
o o 

1835  F (8^,  + 25  F)  and  increase  its  post  rolling  recrystallization 
temperature  to  1780°F  (BT  - 50°F) . In  Figure  15,  we  summarize 
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the  Method  11  practice.  If  one  compares  Figures  15  and  6 on  the 
basis  of  beta  transi  equivalence,  he  recognizes  that  both  oxygen 
grades  of  this  alloy  were  given  identical  thermomechanical  pro- 
cessing procedures.  Texture  development  upon  application  of 
Method  11  was  assessed  via  elastic  constant  anisotropy  (Table  IX) 
and  X-Ray  basal  pole  figure  determination  (Figure  16).  Examination 

'TABLE  IX 

EFFF-C'i  OF  THERMOMECHANICAL 
PROCESSING  ON  THE  ELASTIC  CONSTANT 
ANISOTROFY  OF  6A1-4V  Ti  STANDARD  GRADE 


Method 

^Rolling 
(xlO  psi) 

EWidth 
(xlO  p a i ) 

aeu-r 
(xlO  psi) 

11 

16.00 

21.20 

5.20 

11(a)* 

16.05 

20.65 

4.60 

*Same  as  11  but  produced  on  a separate  occasion. 

of  the  data  in  Table  IX  and  Figure  16  indicates  that  Method  11 
will  consistently  produce  a very  strong  basal  transverse  texture  in 
6A1-4V  Ti  Standard  Grade.  Comparison  of  the  basal  pole  figure  for 
the  higher  oxygen  grade  (Figure  16)  with  its  lower  oxygen  counterpart 
(Figure  14)  shows  the  two  figures  to  be  qualitatively  similar. 
However,  the  specific  basal  pole  intensity  in  the  width  direction 
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Figure  16:  Material— 6A1—4V  Ti 

Standard  Grade 
TMT  Method  11 


W.D. 
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in  Figure  16  is  larger  than  that  observed  in  Figure  14.  Cor- 
respondingly AEy_^  in  Table  IX  for  the  higher  oxygen  metal  on 
the  average  exceeds  that  reported  in  Table  VII  for  the  ELI 
Grade.  Another  significant  effect  of  raising  the  oxygen  content 
of  6A1-4V  Ti  however  is  to  increase  the  overall  stiffness  of  the 
alloy  by  approximately  0.4  x 10^  psi  in  an  isotropic  sense.  For 

example,  compare  Tables  VII  and  IX  with  respect  to  E„  ..  as  well 

KO  1 X 

aS  EWidth* 

6Al-2Sn-4Zr-6Mo  Ti 

Six  types  of  thermomechanical  treatment  procedures  were  applied  to 
4V  thick  billet  stock  in  order  to  convert  it  to  V thick  plate. 
Table  X describes  each  of  these  procedures  in  some  detail.  Here 
again,  as  was  previously  done  with  6A1-4V  Ti  ELI  Grade,  we  ex- 
amined the  texture  induced  in  6A1-2 Sn~ 4 Zr- 6Mo  Ti  plate  rolled  in 
one  of  three  ways,  iso  thermal ly  just  below  the  alloy's  beta  transue 
as  well  as  thermal  cascade  with  or  without  intermediate  re- 
heating. It  should  be  noted  that  a significant  difference  in  roll 
force  requirements  exists  between  the  6A1-4V  Ti  alloy  and  its 
6 A 1- 2 Sn - 4 Z r- 6Mo  Ti  counterpart  when  similar  billet  geometries  are 
worked  rapidly  and  allowed  to  cool  from  temperatures  within  25°F  ol 
the  alloys'  respective  beta  transi  employing  similar  reductions  pei 
pass.  On  initial  billet  breakdown  in  the  rolling  mill  under  these 
conditions,  the  rolling  force  required  to  deform  the  6Al-2Sn-4Zr- 
6Mo  Ti  alloy  rapidly  is  considerably  higher  than  that  required  for 
6A1-4V  Ti.  This  difference  was  considerable  enough  that  it 
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constrained  our  choices  of  rolling  campaign  parameter? 
noted  below.  This  constrai  .t  was  dictated  because  our  work 
was  performed  entirely  on  a laboratory  mill  of  limited  cap- 
acity which  was  described  in  an  earlier  section  of  this  paper. 
Normally  production  mills  have  a much  larger  roll  force  capa- 
city per  linear  inch  of  billet  width  so  that  this  difference  is 
not  expected  to  be  a major  problem  in  a manufacturing  sense. 


The  basal  pole  preferred  orientations  introduced  by  these  six 
Methods  detailed  in  Table  X are  expressed  in  terms  of  elastic 
modulus  anisotropy  in  Table  XI  and  shown  as  basal  pole  figures 
in  Figures  17  - 20.  As  one  can  observe  from  Table  XI,  extensive 


TABLE  XI 

RELATION  BETWEEN  ELASTIC 
CONSTANT  ANISOTROPY  AND 
THERMOMECHANICAL  PROCESSING 


6Al-2Sn-4Zr-6Mo  Ti 


Method 

ERol ling 

EWidth 

aew-r 

12 

16.90 

17.90 

1 . 0 

13 

16.75 

18 . 05 

1 . 3 

14 

16. 10 

18.48 

2 . 4 

15 

16.60 

18  . 10 

1 . 5 

16 

15.81 

19.04 

3.23 

17 

15.50 

18.32 

2 . 80 

isothermal  roll  processing  just  below  the  alloy's  1 7 3 5° F beta 
tran sus  (i.e.,  reheating  after  each  pass)  produces  a product  that 
is  nearly  isotropic  (see  Method  12).  This  relative  isotropy 
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is  unaffected  by  additional  post  rolling  exposure  at  1710  F 


(compare  Methods  12  and  13  results  in  Table  XI) 


Ignoring  Method  15  momentarily,  let  us  consider  results  obtained 


with  materials  subjected  to  various  types  of  thermal  cascade 


rolling  (i.e.,  those  with  and  without  intermediate  reheats)  com- 


bined with  recrystallizing  the  product  prior  to  making  a textural 


observation,  that  is  to  say.  Methods  14,  16  and  17  metal.  Of 


these  three  the  most  highly  basal  transverse  textured  product 


by  far  is  Method  16  according  to  both  the  elastic  anisotropy 


data  in  Table  XI  and  the  basal  pole  figures  in  Figures  17,  19  and 


20.  Another  interesting  point  to  note  is  that  Method  16  was 


initially  heated  to  1760°F  (CT  + 25°F)  prior  to  roiling  whereas 


the  Initial  rolling  temperatures  for  Methods  14  and  17  was  1850  F 


(Bt  + 115  F).  It  is  interesting  to  observe  that  Method  17  was 


rolled  from  1850  F without  any  reheat  in  about  the  same  time 


interval  as  was  employed  earlier  in  developing  the  strongest 


basal  transverse  textures  found  for  6A1-4V  Ti.  Yet  this  Method 


was  not  nearly  as  effective  in  concentrating  a large  number  of 


basal  poles  in  the  width  direction  of  the  plate  as  was  Method  16 


which  involved  an  intermediate  reheat  above  the  beta  transus  of 


the  alloy  (compare  the  magnitude  of  f°r  the  two  Methods 


or  Figures  19  and  20).  In  fact,  reviewing  the  processing  given 


K+l  a Vi  u ... 


1 


Figure  17:  Material— 6Al—2Sn  — 4Zr— 6Ma  fi 
TMT  Method  - 14 


W.D. 


Figure  18.  Material  6Al-2Sn-4Zr-GMo  Ti 
TMT  Method  - 15 


W.D. 


for  Method  16  in  Table  XI,  it  is  entirely  reasonable  to  conclude 
that  the  first  38%  reduction  in  area  accomplished  little  towards 
establishing  the  final  strong  basal  transverse  texture  one  now 
observes  in  this  metal  as  the  metal  was  reheated  250°F  to  25°F 
above  the  beta  transus  after  this  reduction  was  accomplished  and 
held  there  for  15  minutes  prior  to  reinitiating  rolling  reduction. 
A majority  of  this  initial  38%  rolling  reduction  probably  took 
place  between  1500°F  and  1600°F  because  logistical  difficulties 
involved  with  forcing  the  metal  into  the  rolling  mill  occurred 
during  the  120  seconds  it  took  to  accomplish  3 passes  for  35% 
reduction.  A detailed  report  of  the  second  phase  of  thermomech- 
anical processing  experienced  during  Method  16  where  the  metal  was 
reduced  another  90%  in  thickness  is  given  in  Figure  21.  Summariz- 
ing our  findings  with  respect  to  Methods  14,  .16  and  17,  one  con- 
cludes that  obtaining  a strong  basal  transverse  texture  not  only 
requires  thermal  cascade  rolling  (or  rapid  rolling  reduction 
without  intermediate  reheats  to  the  vicinity  of  or  above)  but 
also  requires  that  one  begin  his  reduction  with  the  metal  heated 
to  t 25°F  (if  one  begins  too  far  below  the  beta  transus  with 
unidirectional  rolling,  he  runs  the  risk  of  scattering  basal  poles 
along  the  great  circle  connecting  the  width  and  short  transverse 
direcions ) . 

In  addition  to  examining  the  basal  transverse  texture  of  Method 
16  metal  after  recrystallizing  the  rolled  plate,  the  results 
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of  this  rolling  process  were  also  assessed  with  respect  to 
elastic  constant  anisotropy  when  the  metal  was  still  in 
virtually  its  "as  rolled"  condition  (i.e..  Method  15).  The 
surprising  result  seen  in  Table  X J is  that  the  rolling  pro- 
cedure by  itself  resulted  in  a very  small  elastic  anisotropy 

with  the  E^i(jth  for  Method  15  being  hardly  greater  than  that 
observed  in  Method  13  wherein  the  recrystallized  metal  was 

virtually  isotropic.  Recrystallizing  Method  15  metal  to  form 

Method  16  metal  led  to  an  extremely  large  concentration  of  basal 

poles  in  the  width  direction  relatively  speaking  ^width  ^or 

Method  16  exceeds  E for  Method  15  by  'tl  . 0 x lO^psi).  Thus 

w i ci  t n 

at  least  in  the  case  of  6Al-2Sn-4Zr- 6Mo  Ti  it  is  not  only  necessary 
to  properly  roll  the  metal  in  a thermal  cascade  manner  beginning 
within  25°F  of  but  one  must  recrystallize  the  final  rolled 
product  if  he  desires  the  alpha  phase  fraction  of  the  metal  to 
exhibit  a stong  b.asal  transverse  texture. 


In  order  to  test  the  reproducibility  of  the  basal  transverse 
texture  induced  by  Method  16,  the  entire  Method  was  practiced 
on  4"  thick  billet  stock  on  two  separate  occasions.  The  results 
obtained  here  are  given  in  Table  XII. 
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TABLE  XII 

ON  THE  REPRODUCIBILITY  OF 
METHOD  16  FOR  BASAL 
TRANSVERSE  TEXTURE  GENERATION 


Method 

ERo 1 ling 
(xlO^psi) 

E 

Transverse 
( xlO^ps i ) 

aew-r 

( xl O^ps i ) 

16 

15.81 

19.04 

3.23 

16(a)* 

lb.  02 

18  . 95 

2 . 93 

^Repeat  of 

Method  16  on  a 

separate  occasion. 

DISCUSSION 


The  experimental  phase  of  this  work  has  established  the 
reproducibility  and  efficacy  of  the  following  TMT  procedures: 

(1)  Production  of  isotropic  a + B Ti  alloy  products  with 
equiaxed  microstructures  requires  isothermal  rolling  just 
below  the  alloy's  beta  transus  followed  by  completion  of  the 
re c ry s ta 1 1 iza t ion  process  at  the  same  temperature. 

(2)  Employ  unidirectional  thermal  cascade  rolling  (initiated 

at  a temperature  within  25°F  of  the  alloy's  transus)  to  reduce 

the  product's  thickness  by  90%  and  temperature  by  500°F  - 600°F 
in  less  than  two  minutes  and  generate  a basal  transverse 

texture . 

(3)  Subsequent  recrystallization  of  such  thermally  cascade 
rolled  metal  intensifies  the  deformation  induced  basal  trans- 
verse texture.  The  extent  of  this  intensification  Is  a function 
of  alloy  chemistry  as  well  as  deformation  practice. 

(4)  Beta  annealing  of  basal  transverse  textured  products 
results  in  the  total  annihilation  of  the  basal  transverse 
texture  . 

(5)  Unidirectional  thermal  cascade  rolling  results  in  a basal 
transverse  texture  of  greater  intensity  with  increasing  oxygen 
content  in  the  6A1-4V  Ti  composition. 
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Cne  objective  of  our  discussion  will  be  to  compare  the 


observations  summarized  above  with  the  various  models  for 


a Ti  texture  generation  reviewed  in  the  Introduction  to  this 


work.  Secondly,  all  of  these  current  laboratory  observations 


will  be  combined  with  the  experimental  texture  development 


results  of  earlier  investigators  in  an  attempt  to  provide  a 


single  unified  picture  for  the  various  preferred  basal  pole 


orientations  that  develop  in  the  alpha  phase  as  a function  of 


thermomechanical  process  techniques. 


The  two  principal  models  for  basal  transverse  texture  generation 


reviewed  earlier  (References  3,  6,  and  7)  emphasize  the  im- 


portance of  prolonged  high  temperature  rolling  in  order  to 


maintain  a large  beta  phase  volume  fraction  during  the  entire 


texture  rolling  campaign.  Based  on  the  experimental  results 


quoted  above,  it  would  appear  at  first  that  these  earlier 


basal  transverse  texture  generation  models  are  not  appropriate 


here.  Recall  the  equilibrium  beta  volume  fraction  for  both 


6A1-4V  Ti  and  6A1-2 Sn-4 Zr-bMo  Ti  exceeded  50%  in  Methods  1,  2, 


12  and  13  where  the  two  alloy  compositions  were  un i d i r e c t i ona lly 


worked  isothermally  at  - 50  F (See  Figure  15).  The  results 


cf  this  thermomechanical  processing  mode  were  equiaxed  isotropic 


products  exhibiting  random  arrays  of  basal  poles.  The  difficulty 


with  these  earlier  models  (References  3,  6,  and  7)  is  that  they 


ignore  the  possibility  that  the  product  worked  continuously 


at  just  under  the  beta  transus  will  continuously  r e c r y s t a 1 1 i ze 


m. 


i 
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leaving  the  basal  pole  distribution  randomized.  Additional 
evidence  to  support  this  ascertion  can  be  seen  in  Table  VI 
(compare  results  of  Methods  1 and  2)  and  Figures  8 and  10  in 
the  case  of  6A1-4V  Ti.  Here  we  note  that  low  intensity  basal 
transverse  textures  are  not  particularly  stable  when  the  product 
is  simply  held  at  just  below  the  beta  transus  for  any  appreciable 
time  after  the  rolling  operation  is  complete.  Similar  data  com- 
parisons exist  for  6Al-2Sn-4Zr-6Mo  Ti  in  Table  XI  (see  results 
from  Methods  12  and  13).  Me t a 1 logr ap h i c examination  of  both  the 
6A1-4V  Ti  and  6 A1 - 2 Sn-4 Z r -6Mo  Ti  plate  products  rolled  isothermally , 
moreover,  showed  both  to  be  nearly  r e c r y s t a 1 1 i z ed  as  they  exited 
from  the  hot  rolls  at  the  k"  thickness  level.  Thus,  it  is  highly 
likely  that  premature  r e c r y 9 1 a 1 1 i z a t ion  as  the  product  is  heavily 
worked  just  below  the  beta  transus  prevents  intense  textural  de- 
velopment. Additional  recrystallization  further  degrades  the 
textural  intensity  of  the  metal  and  the  overall  t h e rmome c han i c a 1 
scheme  is  a convenient  means  of  producing  virtually  isotropic 
in  e t a 1 . 

Having  concluded  that  continuous  recrystallization  during  isothermal 
hot  working  (just  below  the  beta  transus)  probably  is  responsible 
for  lack  of  a strong  texture  in  products  generated  by  Methods  1 
and  2 and  12  and  13,  one  must  now  postulate  by  what  mechanism  a 
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stiong  basal  transverse  texture  may  be  generated  in  order 
to  design  a suitable  production  method.  In  searching  for  a 
reasonable  mechanism,  it  would  be  easiest  to  simply  modify 
one  of  the  existing  hypotheses  (i.e..  References  (3)  and  (6)). 

Of  the  two,  Frederick's  proposal  is  the  easier  with  which  to 
work.  Actually,  his  basic  mechanism  of  a strain  controlled 
transformation  of  a (100)  ^1 10  j b.c.c.  texture  to  the  basal 

transverse  texture  may  still  be  close  to  correct.  In  order 
to  appreciate  how  his  approach  can  be  modified  to  conform  with 
our  current  observations,  let  us  briefly  review  his  hypothesis. 

He  assumed  that  if  one  were  to  unidirectionally  roll  an  a + £ 

Ti  alloy  extensively  at  a temperature  where  it  was  predominantly 
beta,  his  result  would  be  an  (001)  ^lioj  b.c.c.  texture  as 
shown  in  Figure  22.  If  one  permits  this  b.c.c.  textured  product 
to  transform  to  its  alpha  counterpart  on  cooling  via  the  well 
known  Burger's  Relation,  (110)g  I I (0002)a  and  < 1 1 1 > g I ]<1120>  , 
then  each  (110)^  plane  shown  in  Figure  22  would  be  rpolaccd  by 
a (0002)  basal  plane  and  the  resultant  “ phase  product  would  be 
virtually  isotropic  with  regard  to  basal  pole  distribution. 
However,  as  Frederick  noted  only  one  of  the  four  possible  basal 
plane  orientations  produces  a beta  to  alpha  transformation  strain 
matrix  which  is  compatible  with  the  rolling  strains  generated 
during  the  deformation  operation  (i.e.,  that  labelled  A or 
Simple  Basal  Transverse  in  Figure  22).  Assuming  the  P to  a 


transformation  occurs  as  the  product  continues  to  be  rolled 
and  begins  to  cool,  the  only  permissable  basal  plane  orientation 
is  shown  as  A in  Figure  22  or  basal  transverse.  If  the  Frederick 
hypothesis  were  strictly  appropriate,  the  isothermally  rolling 
campaign  for  6A1-4V  Ti  should  have  produced  a strongly  basal 
transverse  texture  since  the  metal  was  cooled  repeated l v from 
1700°F  (50/!  Beta)  to  1650°F  (<25%  Beta)  during  the  rolling 
process . 

In  order  to  eliminate  recrystallization  and  randomization  of 
the  b.c.c.  phase  prior  to  its  being  heavily  enough  deformed  to 
form  a strong  (100)  flio]  texture,  one  must  not  only  have  a 
large  volume  fraction  of  beta  present  during  the  rolling  op- 
eration but  also  one  must  perform  a majority  of  his  deformation 
in  a temperature  range  where  the  sluggishness  of  the  beta 
r e c r y s t al 1 i za t ion  process  does  not  permit  this  phenomenon  to 
nterfere  with  the  buildup  of  a cold  work  texture  in  the  b.c.c. 
phase.  Thermal  cascade  rolling  accomplishes  this  by  allowing 

the  product  to  cool  so  rapidly  that  a large  volume  fraction  of 
metastable  beta  can  be  maintained  while  the  metal  is  worked  in 
the  temperature  range  1500°F  - 1600°F.  It  is  in  this  temperature 
range  where  a majority  of  the  overall  deformation  imparted  t ^ 
the  product  is  rapidly  introduced  (see  Figures  .15  and  16  in  the 
case  of  6A1-4V  Ti  and  Figure  21  in  the  case  of  6A 1 - 2 Sn  - 4 Z r - 6Mo  Ti.). 
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The  metastable  beta  phase  can,  of  course,  lower  the  system's 
free  energy  by  simply  transforming  to  any  one  of  six  hexagonal 
alpha  variants  allowed  by  the  Berger's  Relation.  If  one  manages 
to  introduce  sufficient  cold  work  into  the  b.c.c.  beta  phase  to 
texture  the  phase  prior  to  its  transformation,  then  Frederick's 
suggested  removal  of  degeneracy  from  the  Burger's  Relation 
(see  Figure  22)  in  order  to  provide  compatibility  between  the 
transformation  and  rolling  strains  suggests  an  additional  means 
for  further  decreasing  the  free  energy  of  the  system.  If  all 
the  textured  beta  grains  transform  to  alpha  in  a manner  described 
as  Type  A (simple  beta  transverse),  then  the  shape  assumed  by 
the  new  alpha  grain  (longer  in  the  rolling  direction  and  thinner 
than  its  beta  parent)  will  be  in  keeping  with  the  further  release 
of  stored  cold  work  in  the  old  beta  grain.  It  should  also  be 
recognized  the  Type  A crystallographic  B+a  transformation  is 
the  only  means  by  which  this  additional  dlmunition  of  free  energy 
is  available  assuming  that  the  product's  temperature  is  too  low 
to  permit  long  range  diffusion  to  drive  a conventional  recrystal- 
j-.^tion  process.  In  this  regard  Shibata  and  Ono  have  shown 
that  the  equilibrium  &-*a  transformation  is  of  the  Martensitic  type 
and  is  predictable  from  elastic  strain  energy  considerations 
(Reference  10).  Thus  one  expects  the  kinetics  of  this  transformation 
to  be  considerably  faster  below  say  1600°F  in  6A1-4V  Ti  than 
are  the  kinetics  for  conventional  recrystallization.  Therefore, 
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the  applicability  of  Frederick's  suggestion  is  broadened  in 
the  sense  that  once  one  cold  works  and  textures  the  beta  phase 
by  rolling,  its  transformation  via  aType  A process  (Figure  22) 
is  ensured  at  any  later  date  when  the  temperature  of  the  product 
is  high  enough  to  permit  the  transformation  to  occur,  even  if 
this  occurs  on  a subsequent  reheat  of  the  product  once  the 
rolling  process  is  complete  as  opposed  to  its  happening  only 
during  the  rolling  operation  itself. 


The  above  texture  model  makes  the  following  predictions.  One 
can  assure  that  his  un id i r ec t i onal ly  rolled  product  will  be 
elastically  isotropic  (i.e.,  basal  poles  are  randomly  distributed) 
i f he  hot  works  the  metal  at  high  enough  temperatures  where  the 
beta  phase  recrystallizes  in  a conventional  manner  rather  than 
storing  the  applied  deformation  and  becoming  textured.  In  order 
to  generate  a strong  basal  transverse  texture  in  a previously 
isotropic  material,  one  must  satisfy  the  following  requirements: 

(1)  A large  volume  fraction  of  beta  phase  must  be  present 
during  the  rolling  operation  itself. 

(2)  The  beta  phase  must  adopt  a (110)  <1.11>  cold  work  texture 
as  opposed  to  conventionally  r e cry s t al 1 iz ing  during  the 
working  operation. 

(3)  At  some  point  in  time,  either  during  tne  rolling  operation 
or  during  a later  poBt  rolling  heat  treatment,  the  beta  phase 
must  be  permitted  to  transform  to  its  hexagonal  alpha  counter- 
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Once  the  basal  transverse  texture  is  formed,  the  metal  on 
continued  rolling  at  all  temperatures  between  70° K and  the  two 
phase  alloy's  beta  transus  is  expected  to  deform  almost  ex- 
clusively in  a prism  mode  due  to  the  geometric  orientation  of 
this  plane  with  respect  to  the  product's  rolling  plane.  Recall, 

Paton  etal's  report  of  that  mode  and  basal  slip  exhibiting  the 
lowest  eras  over  the  above  noted  temperature  range  (Reference  8) 
in  Ti-Al  alpha  phase  alloys.  Thus  a strong  basal  transverse 
texture  is  extremely  stable  when  additional  rolling  deformation 
Is  accomplished  well  below  the  beta  transus. 

As  noted  in  the  Introduction  to  the  current  effort,  extensive 
unidirectional  rolling  of  previously  isotropic  6A1-4V  Ti  products 
at  1500°F  and  below  results  in  a preferential  spread  of  basal 
poles  along  a great  circle  connecting  the  short  transverse  and 
width  directions  of  the  product  and  round  or  crossrolling  under 
the  same  conditions  results  in  a perfect  basal  short  transverse 
of  Figure  1(a)  texture.  The  essential  reason  why  these  results 
are  possible  on  the  one  hand  and  cascade  rolling  from  the  alloy's 
beta  transus  into  the  1 500°F  and  below  temperature  regime  can  also 
be  applied  to  generate  a basal  transverse  texture  is  the  instant- 
aneous difference  in  phasal  volume  fraction  of  the  isotropic  billet  at 
initiation  of  the  ’"oiling  campaign.  In  the  former  situation  the  thermally 
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equilibrated  product  is  both  Isotropic  and  predominantly  alpha 
in  phasal  volume  fraction  (see  Figure  5).  In  the  latter,  the 
major  phase  volume  fraction  is  more  than  likely  metastable  beta. 
Moreover,  additional  unidirectional  rolling  deformation  applied 
to  a strongly  basal  transverse  textured  product  at  1500°F  or  below 
is  expected  to  enhance  the  basal  transverse  texture  in  part 
through  the  residual  beta  phase  texture  rationale  already  presented. 

A second  source  for  textural  enhancement  relate  to  completing  the 
alighment  of  basal  poles  in  the  width  direction  associated  with  those 
grains  so  aligned  with  respect  to  the  perfect  basal  transverse 
te::ture  that  the  applied  crss  on  basal  planes  for  geometric  reasons 
is.  well  below  the  applied  crss  on  prise  planes  (i.e.,  the  basal  planes 
here  are  just  not  oriented  properly  for  easy  slip  during  rolling). 

Proof  of  these  assertions  with  respect  to  the  effect  of  continued 
deformation  at  temperatures  below  1500°F  on  the  basal  transverse 
texture  can  be  found  both  in  the  current  work  as  well  as  in  the  work 
of  Frederick  (Reference  3)  where  he  initiated  a rolling  campaign  with  a 
product  he  denoted  as  one  quarter  inch  thick  "Hot  Band"  6A1-4V  Til 
As  Frederick  received  this  metal,  it  exhibited  a strong  basal  trans- 
verse texture.  He  continued  to  un id i r ec t i ona 1 ly  roll  this  metal  iso- 
thermal! y at  a whole  series  of  temperatures  from  1600°F  to  70°F.  His 
only  result  was  that  the  basal  transverse  texture  became  more  intense. 
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One  interesting  result  of  our  current  effort  is  the  finding  that 
post  rolling  subtransus  recrystallization  of  the  alloy  compositions 
studied  actually  caused  strongly  basal  transverse  textured 
products  to  become  even  more  intensely  textured  In  the  basal 
transverse  mode.  Moreover,  the  effect  cf  post  rolling  re- 
crystallization  was  much  more  effective  in  sharpening  the  basal 
transverse  texture  of  6 A1 - 2 Sn - A Z r - 6Mo  Ti  than  its  6A1-4V  ti 
counterpart.  In  terms  of  basal  pole  intensity  in  the  width  dir- 
ection of  the  former  alloy  composition,  the  texture  in  the 
as  rolled  condition  was  more  than  doubled  on  recrystallizing 
the  rolled  product  as  opposed  to  the  much  more  modeBt  textural 
sharpening  exhibited  by  the  6A1-4V  Ti  composition  subjected  to 
the  same  post  rolling  thermal  practice  (compare  results  in 
Table  VIII  and  XI).  A probable  rationale  for  this  difference  in 
behavior  Involves  the  ability  of  each  alloy  composition  to 
retain  an  excessive  volume  fraction  of  metastable  beta  on  rapid 
cooling  to  room  temperature.  6A1-4V  Ti  is  a moderately  beta  stab- 
ilized two  phase  alloy  and  has  little  capacity  for  retaining  excess 
netastable  beta  phase  at  room  temperature.  By  contrast  Williams  and 
Rhodes  (Private  Communication,  July,  1976)  have  studied  the  metal- 
lography of  6Al-2Sn-4Zr-6Mo  Ti  in  some  detail  recently  and  report  that 
this  more  heavily  beta  stabilized  alloy  has  a large  capacity  for  re- 
taining excessive  amounts  of  metastable  beta  phase  at  70UF  if 
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it  is  air  cooled  from  high  in  its  a + 6 range  (as  occurs  after 
rolling).  If  one  retains  any  significant  volume  fraction  of 
cold  work  textured  beta  phase  at  room  temperature,  our  basal 
pole  alpha  texcure  measurements  (in  terms  of  elastic  properties 
of  X-Ray  pole  figures)  would  report  the  solid  to  be  less  aniso- 
tropic than  it  would  be  after  the  product  was  reheated  to  a 
high  enough  temperature  to  allow  the  beta  to  transform  to 
alpha  in  the  strain  controlled  mode  described  earlier.  It  is 
expected  that  the  transformation  would  occur  as  the  metal  was 
being  heated  to  its  subtransus  r e c r y s t a 1 1 i z a t i on  temperature. 
Moreover,  it  would  occur  at  a temperature  significantly  lower 
than  the  temperature  for  diffusion  controlled  recrystallization. 


Recrystalllzation  below  the  beta  transus  only  served  to  enhance 
the  strong  "as  rolled"  basal  transverse  texture  in  both  alloys.  In 
Figure  5,  we  note  that  the  equilibrium  beta  phase  volume  fraction  ob- 
tained during  our  4-8  hour  post  rolling  recrystallization  heat  treat- 
ment was  on  the  order  of  50%  for  6A1-4V  Ti  and  80%  for  6Al-2Sn-4Zr- 
6Mo  Ti.  Thus,  at  first,  one  might  expect  that  when  these  fully 
annealed  beta  grains  transform  to  alpha  in  the  fully  recrystallized 
product  on  furnace  cooling,  they  should  be  able  to  pick  any  one 
of  6 normally  equivalent  variants  of  hexagonal  alpha  at  random 
as  their  transformed  orientation  and  thus  randomize  or  destroy 
the  prior  basal  transverse  texture.  However,  it  is  well  known 
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phase  alloys  ’ms  virtually  no  effect  on  grain  shape  or  size, 
the  process  simply  significantly  lowers  the  dislocation  density 

within  the  a grains  themselves.  So  long  as  the  grain  shapes 

4 ..  at  high  .on  , , 

remain  constant  as  a 8 » a , a strong  basal  trans- 

temperature  cooling 

verse  texture  is  recaptured  on  cooling  the  product  in  order  to 
minimize  the  free  energy  of  the  system  and  not  have  neighboring 
grains  store  excessive  amounts  of  elastic  strain  energy.  This 
additional  elastic  strain  energy  would  be  associated  with  neigh- 
boring beta  grains  adopting  different  a variant  orientations  on 
cooling  chen  they  had  on  heating.  If  new  a variant  orientations 
did  occar  on  cooling  then  grain  to  grain  shape  changes  would  be 
required  (i.e.,  here  again  the  8 -►  a transformation  strain  matrix 
forces  the  Burger's  relation  to  function  as  if  only  one  a variant 
orientation  were  possible). 

Annealing  recrystallized  6A1-4V  Ti  above  the  beta  transus  eliminated 
the  basal  transverse  texture  as  seen  in  Table  VI.  In  this  case, 
it  is  well  known  that  exceeding  the  beta  transus  by  150°F  in  6A1- 
4 V Ti  as  was  done  here  permits  excessive  grain  growth  and  extensive 
grain  shape  changes  to  take  place.  Thus  it  is  not  surprising  that 
this  thermal  treatment  eliminates  the  basal  transverse  texture. 
Although  no  X-Kay  pole  figures  were  made  during  this  work  on  the 
beta  annealed  metal  and  our  elastic  modulus  measurements  were  all 


in  the  rolling  plane  of  the  product,  it  should  be  pointed  out 
that  the  metal  may  not  be  without  a significant  basal  pole 
texture  as  a result  of  this  treatment.  For  example,  Frederick 
(Reference  3)  reports  that  if  one  heats  a strongly  basal  trans- 
verse textured  6A1-4V  Ti  product  above  its  beta  transus,  his 
result  is  a basal  texture  of  the  "split  longitudinal"  type. 

Major  basal  pole  concentrations  are  found  at  ±25°  from  the  short 
transverse  product  direction.  No  crystallographic  mechanisms 
to  account  for  the  formations  of  this  annealing  texture  have  yet 
been  proposed. 

Finally  let  us  consider  the  role  played  by  alloy  chemistry  in 
mandating  the  intensity  of  the  basal  transverse  texture.  Examina- 
tion of  Figures  6,  15  and  21  demonstrate  that  all  three  alloy 
compositions  were  subject  to  similar  cascade  rolling  processes 
assuming  the  beta  transus  temperature  of  each  alloy  is  employed 
as  a common  base.  It  is  not  surprising  that  the  6Al-2Sn~4Zr-6Mo  Ti 
alloy  did  not  exhibit  as  intense  a basal  transverse  texture  after 
cascade  rolling  as  did  the  other  two  compositions.  Firstly,  the 
former  alloy  is  more  heavily  beta  stabilized  and  thus  is  probably 
not  capable  of  attaining  the  ultimate  basal  transverse  textural 
intensity  available  in  its  lesser  beta  stabilized  counterparts. 

In  the  current  effort,  we  employed  Method  16  to  obtain  an  “ 

19.0  x 10bpsi.  In  an  earlier  work,  where  the  initial  texturs  and  rolling 


campaign  schedule  of  the  starting  V thick  6Al-2Sn-4Zr-6Mo  Ti 
plate  were  unknown,  Harrigan  et  al  (Reference  11)  continued  to 
roll  the  V'  thick  plate  isothermally  at  1300°F  to  a thickness 
of  0,060"  (net  thickness  reduction  88%)  and  reported  Eyidth  = 

19.5  x lO^psi.  They  also  measured  the  highest  bo sal  pole  intensity 
in  the  width  direction  to  be  30  times  greater  than  random  employing 
an  X-Ray  technique  identical  to  that  used  in  this  work.  Thus, 
if  one  were  to  modify  Method  16  by  eliminating  the  reheat  above 
the  beta  transus  after  the  initial  34%  reduction,  one  might 
be  able  to  obtain  the  earlier  more  highly  textured  result  that 
Harrigan  et  al  reported. 

One  notes  in  Tables  VI  and  IX  (in  terms  of  elastic  anisotropy) 
and  Figures  14  and  16  (in  terms  of  X-Ray  pole  figures)  that  in- 
creasing the  oxygen  content  of  6A1-4V  Ti  ELI  Grade  by  78%  has 
two  effects  on  the  textured  metal  one  obtains  by  similar  cas- 
cade rolling  procedures.  Firstly,  the  basal  pole  concentration 
in  the  width  direction  is  increased  as  a result  of  the  addi- 
tional oxygen  as  can  be  seen  by  comparing  Figures  14  and  16. 

This  is  a somewhat  surprising  result  in  that  all  the  deformation 
applied  to  create  these  textures  was  imparted  at  temperatures  well 
above  500°F . The  significance  of  500°F  here  is  that  it  is  gen- 
erally well  accepted  that  all  effects  of  oxygen  content  on. the 


mechanical  behavior  of  a + g Ti  alloys  vanish  above  this  test 
t empera  t ur e . 


A second  effect  that  increasing  oxygen  content  has  on  6A1-4V  Ti 
is  non-textured  related.  In  Table  IX  we  see  that  both  and 

^Width  t^e  higher  oxygen  grade  material  exceed  their  counter- 

parts in  Table  VII  by  at  least  300,000  psi  to  400,000  psi.  Thus, 
a portion  of  the  total  increase  in  elastic  moduli  seen  in  the 
above  referenced  Tables  is  due  to  the  fact  that  adding  oxygen 
is  simply  a potent  means  of  stiffening  the  basis  hexagonal 
closed  packed  lattice  as  opposed  to  assuming  further  enhancement 
of  the  basal  transverse  texture. 
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CONCLUSIONS 


Conditions  for  the  production  of  either  a basal  transverse 
texture  or  isotropic  basal  pole  array  in  a + 8 Ti  alloys 
have  been  established.  The  role  of  alloy  chemistry  was 
ascertained  by  employing  two  oxygen  grades  of  6A1-4V  Ti  in  this 
study  as  well  as  6Al-2Sn-4Zr-6Mo  Ti.  The  importance  of  beta 
phase  re crystallization  in  promoting  basal  pole  randomization 
during  the  rolling  operation  itself  is  described  in  detail. 

Slip  deformation  processes  are  employed  in  concert  with  a know- 
ledge of  the  8 •*  a transformation  strain  matrix  to  model  the 
production  of  basal  pole  arrays  that  are  either  randan,  basal 
lo; g transverse  or  basal  short  transverse.  It  is  shown  that 
these  models  are  capable  of  not  only  accounting  for  texture 
generation  but  also  for  basal  transverse  texture  intensification 
when  the  metal  is  recrystallized  under  subtransus  conditions  or 
basal  transverse  texture  annihilation  on  betaannealing.  Slip 
mechanistic  arguments  and  experimental  verification  are  pre- 
sented to  elucidate  the  over-riding  role  played  by  prior  thermo- 
mechanical billet/plate  rolling  process  history  in  determining 
the  final  crystallographic  textures  a given  product  will  exhibit 
even  in  the  case  where  the  starting  material  is  additionally  worked 
to  reduce  its  thickness  by  another  90Z  under  a wide  variety  of 
condi tions . 
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PART  II 


I 
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ON  THE  MECHANICAL  BEHAVIOR 
OF  BASAL  TRANSVERSE  TEXTURED 
TITANIUM  ALLOYS 


It  is  well  known  that  some  metals  can  be  strengthened  by 

texture  hardening.  Moreover,  considerable  experimental  and 

prototype  production  efforts  have  already  been  completed  which 

successfully  demonstrated  that  alpha  rich  alloys  such  as  6A1-W 

Ti  and  7A1-2.5  Mo  Ti  sheet  can  be  texture  hardened  for  hi  axially- 

strengthened  pressure  vessel  applications  (References  1 and  2). 

The  specific  crystallographic  alpha  phase  texture  required  for 

biaxial  9 t r engh then i ng  is  shown  in  Figure  1(a).  Biaxial  hardening 

here  is  relatable  to  the  facts  that  the  elastic  stiffness  and 

critical  resolved  shear  stress  for  plastic  flow  of  a single 

crystals  are  considerably  higher  when  loads  are  applied  parallel. 

to  <0001>  as  compared  to  the  situation  where  the  loading 

a 

direction  lies  in  the  basal  plane  of  these  single  crystals  (see 
Figure  2 and  Reference  3). 


Another  crystallographic  alpha 
accidentally  during  commercial 
wrought  flat  products  is  shown 


texture  which  sometimes  occurs 
production  of  a + g Ti  alloys 
in  Figure  1(b).  In  this  case, 
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SCHEMATIC  VIEW  OF  ALPHA  PHASE  TEXTURED  PLATES  & THEIR 
CORRESPONDING  BASAL  PLANE  POLE  FIGURES 


the  c axes  or  basal  poles  of  t>e  individual  alpha  grains  are 
preferredly  oriented  in  the  long  transverse  direction  of  the 
product  (i.e.,  a basal  transverse  texture).  Based  on  the  in- 
formation cited  in  Figure  2 and  Reference  3,  one  expects  the  •• 
long  transverse  direction  of  such  textured  plate  to  be  con- 
siderably stiffer  and  stronger  (in  terms  of  static  tensile 
properties)  than  all  other  directions  in  the  product.  Indeed, 
there  is  strong  evidence  to  validate  these  expectations  in  the 
cases  of  both  static  tension  and  compression  properties  associated 
with  basal  transverse  textured  6A1-4V  Ti  and  6Al-2Sn-4Zr-6Mo  Ti 
at  room  temperature  (References  4-7).  In  contrast  to  these  static 
property  improvements,  in  the  long  transverse  direction  of  such 
textured  a + 8 Ti  materials,  Zarkades  and  Larson  (Reference  6) 
have  reported  a substantial  decrease  in  fatigue  crack  initiation 
resistance  in  basal  transverse  textured  4A1-4V  Ti  (i.e.  S-N 
sample  life  in  the  long  transverse  direction  was  significantly 
poorer  than  in  the  longitudinal  direction). 

However,  4A1-4V  Ti  is  not  a common  used  alloy  composition  and 
there  is  no  reason  to  believe  apriori  chat  the  alpha  crystal- 
lography associated  loss  of  fatigue  life  observed  in  its  case 
should  also  apply  to  such  industry  work  horse  compositions  as 
6A1-4V  Ti,  The  potential  applications  for  basal  transverse 
textured  o.  + 8 T i alloys  are  numerous  and  include  all  structural 
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members  where  loads  are  principally  uniaxial.  Examples 
of  such  aircraft  structure  embrace  wing  skins,  spars,  long- 
erons, turbine  blades  horizontal  stabilizer  planks,  etc.  Thus 
-the  objective  of  the  current  research  is  to  fully  characterize 
the  mechanical  behavior  of  basal  transverse  textured  versions 
of  three  currently  employed  Ti  alloy  compositions: 

- 6A1-4V  Ti  - ELI  Grade 

6A1-4V  Ti  - Standard  Grade 


6Al-2Sn-4Zr-6Mo  Ti 


EXPERIMENTAL  PROCEDURE 


Three  distinct  a + 0 Ti  alloy  chemistries  were  employed  in 
this  work.  Two  of  these  were  of  the  basic  6A1-4V  Ti  composition 
differing  only  in  their  oxygen  contents.  The  ELI  version  of  this 
alloy  contained  0.095  wt X oxygen.  The  Standard  Grade  6A1-4V  Ti 
composition  contained  0.162  wt%  oxygen.  The  wtX  of  all  other 
alloy  constituents  i both  heats  were  identical.  The  third 
alloy  composition  employed  was  6 A 1 - 2 Sn-4 Zr - 6Mo  Ti.  All  mat- 
erials used  in  this  work  were  derived  from  production  melting 
stock.  They  were  t he r mome c han i c a 1 1 y processed  Lo  one  quarter 
inch  thick,  six  and  one  half  inch  wide  plate  stock.  The  metal 
process  schemes  employed  were  all  designed  to  produce  a plate 
product  which  exhibited  an  intense  basal  transverse  crystallo- 
graphic texture.  X-Ray  diffraction  basal  pole  figures  for  each 
of  the  th  ee  alloy  compositions  are  given  in  Figures  3-5.  An- 
other method  for  expressing  basal  pole  preferred  orientation  is 
elastic  constant  anisotropy.  Young's  moduli  for  all  three  alloy 
products  are  given  in  Table  I.  Detailed  accounts  of  the  individual 
alloy  chemistries  thermomechanical  process  schemes  employed  and 
experimental  procedures  to  obtain  the  X-Ray  pole  figures  and 
Young's  moduli  can  be  found  in  Part  I. 
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TABLE  I 


BASAL  TRANSVERSE  TEXTURE  DETERMINATIONS 
VIA  YOUNG’S  MODULUS  ANISOTROPY 


Alloy  Composition 


Heat 
me  n t 


Treat-* 


EWidth 

(xlO^psi) 


^Rolling  EV-R 
(xlO^psi)  (xlO^psi) 


6 A 1 - 4 V Ti: 

ELI  Grade 

Rex'l  I 

20.18 

15.75 

4.43 

Rex'l  11 

19.65 

15.55 

4.10 

Duplex 

20.25 

15.45 

4.80 

6 A 1 - 4 V Ti : 

Standard 

Grade 

Rex  1 1 

21.20 

16.00 

5.20 

6 A 1 - 2 S n - 4 Z r 

-6Mo  Ti 

Rex'  1 

19.04 

15.81 

3.23 

a T i Single 

Crystal 

Annealed 

21.00 

14.50 

6 . 50 

•> 

(.  c axis) 

(a  axis) 

* F o r detail 

a iv  Y these 

treatments. 

please  see 

Table  11 
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Table  II  details  the  heat  treatments  our  various  alloy 
compositions  were  subjected  to  prior  to  test.  As  one  can 
note,  the  ELI  or  low  oxygen  grade  of  6A1-4V  Ti  was  examined 
in  three  conditions  and  the  other  compositions  in  only  one  each. 
The  elastic  moduli  of  the  variously  heat  treated  alloys  are 
given  in  Table  I. 


TABLE  II 


POST  ROLLING  THERMAL  PROCESS 


SCHEDULES 


Alloy  Chemistry 


Hea  t Treat 
Designat ion 


Heat  Treatment* 


6A1-4V  Ti-ELI  Grade 


Rex'l  I 


Rex’l  II 


Duplex 


1710  F/4  hrs.  + furnace 
cool  at  less  than  100  F/ 
hour  to  70  F. 

1710°F/4  hrs.  + air  cool 
to  7 0° F 

1710°F/4  hrs.  + furnace 
cool  at  less  than  100  F/ 
hour  to  1400°F/  1 hr.  + air 
cool  to  70  F , 


6A1-4V  Ti-  Standard 
Grade 


Rex  ' 1 


1780  F/4  hrs.  + furnace 
cool  at  less  than  100  F/ 
hour  to  70  F 


6Al-2Sn-4Zr-6Mo  Ti 


Rex'l 


1700  F/8  hrs.  + furnace 
cool  to  1200°F^1  hr.  + 
air  cool  to  70  F . 


*M ic ro s t r uc t u r a 1 ly , all  three  materials  have  ^ 10  p grain  size 
and  are  fully  recrystallized  and  equ  taxed  . 
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Mechanical  property  measurements  performed  to  evaluate  these 
basal  transverse  texture  products  included: 

- monotonic  s t r e ss : s t r a i n at  room  and  elevated 
temperature 

- cyclic  stress : strain  at  room  and  elevated 
temperature 

- S-N  fatigue  at  Kt  = l and  K =4  at  ro°®  temperature 
in  tension  (R  = 0.1) 

- creep  at  elevated  temperature  only. 

In  all  cases  properties  were  obtained  in  two  orthogonal  directions 

(longitudinal  and  long  transverse).  Adopting  pseudo  single  crystal 

nomenclature  for  these  highly  basal  transverse  products,  these 

orthogonal  directions  referred  to  above  become  <cl010>  and  <0001> 

a a 

respectively.  Since  all  three  alloy  compositions  have  been  pro- 
cessed to  possess  a primary  alpha  volume  fraction  greater  than 
85%,  the  use  of  tne  pseudo  single  crystal  terminology  is  relevant 
in  describing  the  mechanical  behavior  of  these  two  phase  alloys. 

All  of  the  mechanical  property  data  reported  here  was  obtained 
employing  MTS  Corporation  "closed  loop"  electro  hydraulic  equip- 
ment. S t r e s s : s t r a in  and  creep  measurements  were  made  with  round 
bar  dog-bone  type  samples  (diameter  - 0.160").  Monotonic  stress: 


strain  measurements  at  room  and  elevated  temperatures  were,  ob- 
tained in  accordance  with  ASTM  E8-69  and  E21-70  respectively. 


Creep  measurements  at  elevated  temperature  followed  the 
dictates  of  ASTM  E139-70  with  the  exception  that  the  samples 
-were  incrementally  loaded.  That  is  to  say,  the  load  was  in- 
creased to  the  next  higher  level  at  a given  test  temperature 
after  the  creep  rate  reached  its  steady  state  value  (a  minimum 
slope  of  £ vs  time  was  always  attained  within  100  hours  and 
that  minimum  rate  always  occurred  after  less  than  1%  creep 
strain).  All  fatigue  testing  was  conducted  at  room  temperature 
in  accordance  with  ASTM  E466-72T.  Sample  designs  required  for 
' s of  1 and  4 were  produced  in  accordance  with  requisites  of 
Peterson  (Reference  8). 

All  elevated  temperature  tests  were  performed  in  air  except 

several  creep  experiments  which  were  performed  in  a vacuum  of 
— 6 

3 x 10  Torr.  Temperature  control  during  elevated  temperature 
testing  was  always  maintained  within  + 3°F. 

No  ASTM  Standards  currently  exist  for  cyclic  stress : strain 
measurements  and  thus  we  shall  discourse  in  greater  detail  here. 
The  design  of  our  cyclic  s t r e s s : s t r a in  test  fixture,  test  speci- 
men and  test  setup  required  some  departures  from  the  more  commonly 
found  configurations  used  in  such  testing.  The  reasons  for  this 
lie  in  the  difficulties  associated  with  testing,  in  fully  re- 
versed loading,  a specimen  machined  from  stock  which  was  0.25 
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inches  thick  as  well  as  the  need  for  testing  at  700°F.  The 
thickness  of  the  raw  stock  was  chosen  so  as  to  insure  a highly 
textured  material  and  still  be  capable  of  being  used  for  the 
other  various  mechanical  tests  described  in  Parts  II  and  III. 

Small  size  (i.e.,  1/4"  thickness)  becomes  a problem  because  of  the 
increased  possibility  of  specimen  buckling  under  compression 
loads.  Thus  every  attempt  was  made  to  maintain  as  large  a test 
section  thickness  as  possible.  On  the  other  hand,  the  specimen 
test  section  must  be  smaller  than  the  grip  area  to  insure  that 
grip  area  failures  do  not  occur.  In  order  to  simultaneously 
satisfy  the  above  requirements,  the  specimen  design  shown  in 
Figure  6 was  successfully  used.  Note  that  the  use  of  a partial 
thread  in  the  grip  area  allows  us  to  have  a large  net  section 
area  in  the  grip  vicinity.  It.  moreover,  allows  us  to  have 
positive  gripping  even  as  we  pass  through  zero  load  and  does 
not  require  us  to  reduce  the  specimen  test  section  thickness 
below  .25  inches.  The  use  of  a circular  cross  section  in  the 
test  section  and  the  use  of  gripping  threads  which  lie  on  a 
circular  arc  aided  in  minimizing  misalignment  problems. 

In  or-’ar  to  protect  the  MTS  load  cell  and  actuator  from  ex- 
cessive temperatures  we  employed  a fixture  to  hold  the  specimen 
which  s ignif icant ] y separates  the  test  machine  from  the  heated 
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test  area.  The  fixture  is  hollow  and  Is  cooled  by  flowing 
water  through  it.  See  Figure  7. 

The  additional  buckling  propensity  brought  about  by  the  longer 
fixture  length  was  minimized  by  careful  attention  to  the  machining 
or  the  fixture.  The  overall  alignment  error  of  the  20  inch  fix- 
ture is  less  than  .002  inches.  The  upper  end  of  the  fixture  is 
to  be  attached  to  tne  load  cell  by  a threaded  connection.  The 
lower  end  is  attached  to  the  actuator  by  a Woods  metal  pot. 

Strain  was  monitored  by  measuring  the  relative  displacement  of 
the  extension  tubes  shown  in  Figure  12.  These  tubes  are  attached 
to  the  specimen  through  the  use  of  a split  mounting  plate  which 
is  precisely  matched  to  the  shoulder  contour  of  the  test  specimen. 
The  displacement  was  measured  with  a double  cantilever  beam  clip 
gauge  in  the  chamber  at  the  top  of  the  test  fixture.  Tests  of 
the  strain  control  system  indicated  that  accuracies  of  2%  were 
maintained . 
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RESULTS  AND  DISCUSSION 


The  monotonic  mechanical  behavior  of  po 1 y c r y s t a I 1 i n e alpha 
rich  Ti  alloys  is  strongly  dependent  on  the  state  of  prefer- 
red crystallographic  orientation  of  the  individual  alpha  grains 
(see  Table  III) . 


TABLE  III 

MONOTONIC  STRENGTH  OF  BASAL  TRANSVERSE 


TEXTURED  a + 8 Ti  ALLOYS  AS  A FUNCTION 
OF  TEST  TEMPERATURE 


Test 

Direction 

Test 

Temperatur 

<°F) 

Young's 

e Modulus 
( x 1 0 psi) 

0 

y 

(ksi) 

0 

u 

(ksi) 

e 

(%) 

R/A 

(%) 

6 A 1 - A V 

Ti  ELI 

Grade  (Rex'l  I 

Process) 

Rolling* 

70 

15.65 

104 

112 

18 

43 

Transverse** 

70 

20.25 

130 

138 

1 5 

1 Lj 

Rolling 

700 

11 . 60*** 

57 

70 

18 

69 

Transverse 

700 

17 . 90*** 

91 

93 

16 

- ! 
■* 

6A1-4V 

Ti  ELI 

Grade  (Duplex 

Process) 

Rolling 

70 

15.45 

99.3 

117.3 

12  . 

,0  27.5 

T ransver se 

70 

20.25 

131.0 

140.6 

13  . 

5 38  .4 

6A1-4V 

Ti  Standard  Grade  (Rex'l  Process) 

Rolling 

70 

16.00 

128 

133 

1 3 

32 

Transverse 

70 

21.20 

154 

164 

16 

33 

Rolling 

700 

N.D.  + 

66 

82 

19 

4 3 

Transverse 

700 

N.D.  + 

95 

109 

15 

63 

76 


TABLE  III  (Cont.) 

6 Al  - 2 S a - 4 Z r - 6Mo  Ti  (Rex'l  Process) 


Test 

Direction 


Young's 


O 0 

y u 

(ksi)  (ksi) 


C R / A 

( % ) ( % ) 


(°F) 

(xl0°psi) 

Rolling 

70 

15.81 

137.4 

141.2 

13 

4 5.5 

Transverse 

70 

19. 04 

153  . 3 

162 . 1 

13 

36 

Rolling 

800 

N.D. 

86  . 5 

101 . 5 

17 

5 3 

Transverse 

800 

N . D . 

109.5 

123.5 

1 5 

5 1 

*or  <1010> 

a 

**or  <-0001> 

a 

***est imated  from  s t r e s s : s t r a 1 n relation;  all  other  moduli 
were  measured  dynamically 

•)'  not  determined 

Studying  Table  III,  one  notes  that  the  stiffer  product  direction 
is  always  the  stronger  direction  regardless  of  alloy  chemistry 
(both  substitutional  and  interstitial),  final  thermal  practice, 
and  test  temperature,  at  least  up  to  700°F  in  6A1-4V  Ti  and  BOO'F 
in  6Al-2Sn-4Zr-6Mo  Ti.  Moreover,  monotonic  tensile  property 
anisotropy  on  a percentage  basis  was  always  higher  at  elevated 
temperature  than  it  was  at  70°F  (see  Table  IV). 

TABLE  IV 

BASAL  TR ANSVERSE  TEXTURED 
a + & TI  ALLOY  MECHANICAL  PROPERTY  ANISOTROPY 


Test  Temperature 


Alloy 


o ( <0001>  ) 0 (<0001>  ) 


O ( 

y 

<ioio>a) 

O ("1030* 

u 

7 0°  F 

6A1-4V  Ti/F.LT 

1.25 

1.23 

7 0°  F 

6 A 1 * 4 V Ti/St'd 

1.20 

1.23 

70°F 

6Al-2Sn-4Zr-6Mo 

Ti 

1.20 

1.23 

7 00°  F 

6 A 1 - 4 V Ti/ELl 

1 . 60 

1.33 

7 00°  F 

6A1-4V  Ti/St'd 

1.44 

1.33 

800°F 

6Al-2Sn-4Zr-AMo 

Ti 

1.46 

1.33 

77 
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The  increase  in  mechanical  property  anisotropy  with  increasing 

temperature  numerically  results  because  on  a percentage  basis 

the  strength  (and  stiffness  in  the  case  of  6A1-4V  Ti/ELI,  see 

Table  III)  in  the  <0001>  direction  is  less  temperature  sen- 

01 

sitive  than  it  is  in  the  <10l0>  direction.  The  essential  reasons 

a 

for  the  strength  anisotropy  noted  above  are  the  very  low  Schmidt 

factor  for  < I 1 2 0 > slip  in  <-0001>  or  transverse  oriented  samples 

a r a 

and  the  much  higher  eras  for  <c  + a>  as  compared  to  <a>  slip 
shown  by  Paton  et  al  (Reference  3)  for  the  basic  Ti-6.bAl  solid 
solution.  Interestingly  enough,  Paton  et  al  (ibid)  also  report 
that  the  erss  of  6.6A1-T1  single  crystals  on  a percentage  basis 
is  less  sensitive  to  increasing  temperature  (from  70°F  to  700°F) 
in  the  case  of  <c  + a>  slip  than  it  is  in  the  case  of  <a>  slip. 
Alloying  alterations  (either  interstitial  or  substitutional)  pro- 
duce changes  in  strength  as  expected  but  these  changes  occur 
in  both  directions  equally  (see  Tables  III  and  IV)  leaving  the 
mechanical  property  anisotropy  unaltered.  At  both  test  temp- 
eratures, the  ductility  of  the  metal  is  quite  reasonable  and 
invariant  with  test  temperature. 


The  fatigue  behavior  of  our  strongly  basal  transverse  textured 
products  has  also  been  explored  in  terms  of  cyclic  stress  : stnin 
diagrams  in  order  to  infer  differences  in  low  cycle  fatigue  per- 
formance (Reference  9)  as  a function  of  orientation  as  well  as 
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conventional  S-N  curves  in  order  to  observe  high  cycle  fatigue 
performance.  Cyclic  stress:strain  curves  were  created  in  this 
investigation  by  connecting  the  tips  of  hysteresis  loops  sat- 
urated by  repeated  full  stress  reversals.  After  hysteresis 
loop  saturation  occurred  at  one  amplitude,  the  next  datum  was 
always  obtained  by  increasing  the  load  amplitude.  Typical 
cyclic  stress:  strain  curves  observed  in  this  way  for  both  6 A 1 - 
4V  Ti  and  6 A 1 - 2 S n - 4 Z r - 6Mo  Ti  are  shown  in  Figures  8 and  9. 
Tension  and  compression  s t r e s s : s t r a in  curves  are  presented 
separately  here  in  order  to  illustrate  the  role  played  by  alpha 
phase  crystallography  in  their  generation.  For  example,  the 
cyclic  s t r e s s : s t r a i n behavior  along  <1010>^in  6A1-4V  Ti  ELI 
Crade  at  70°F  is  nearly  the  same  in  both  tension  and  compression 
loading  (see  Figure  8).  The  yield  strengths  in  both  testing 
directions  are  equal  with  the  work  hardening  exponent  in  com- 
pression being  somewhat  higher  than  it  is  in  tension.  By  con- 
trast, cyclic  s t r e s s : s t r a in  behavior  parallel  to  <0001>  is 
highly  asymmetric  when  room  temperature  tension  and  compression 
results  are  compared  for  6A1-4V  Ti  ELI  Grade.  The  cyclic  yield 
strength  in  compression  in  this  product  direction  exceeds  its 
tension  counterpart  by  45%  and  the  plastic  work  hardening  ex- 
ponent in  compression  is  a factor  of  6 higher  than  it  is  in 
tension.  Similar  mechanical  property  asymmetry  along  <0001:-  ha 


been  reported  in  terms  of  monotonic  yield  loci  tor  highlv 
basal  transverse  textured  6A1-4V  Ti  (Reference  7).  A summary 
of  our  cyclic  s t r e s s : s t r a in  data  for  all  three  alloy  chemistries 
as  a function  alpha  phase  crystallography  and  temperature  is 
given  in  Table  V. 

TABLE  V 

CYCLIC  STRESS : STRAIN  BEHAVIOR 
OF  BASAL  TRANSVERSE  TEXTURED  a + Hi  ALLOYS 
Test  Test  Static  Cyclic  Behavior 


Direction  Temperature  Behavior  Tensile 

(°F)  Tensile  0 Work 


Compressive 
j Work 


6A1-4V  Ti  ELI  Grade  (Rex  1 I Process) 


<1010> 

CX 

70 

104 

98 

0.05 

<0001> 

Cl 

70 

130 

132 

0.09 

<1010> 

a 

700 

57 

47 

0.10 

<0001> 

a 

700 

91 

93 

0. 16 

6A1-4V  Ti 

Standard  Grade  (Rex'l 

Froce 

<1010> 

a 

700 

66 

64 

0.22 

<000I> 

a 

700 

95 

94 

0.46 

6 A 1 - 2 Sn 

-4Zr-6Mo  Ti 

(Rex'l  Process; 

<io!o> 

a 

70 

137 

.4  128 

0 

<0001> 

a 

70 

153 

. 3 148 

0.11 

For  the  sake  of  convenience,  we  have  also  recapped  the 


nonotonic  tensile  yield  behavior  given  in  Table  III  for 
these  metals.  A comparison  of  monotonic  and  cyclic  tensile 
yield  strengths  indicates  that  cyclic  softening  occurs  at  both 
room  and  elevated  temperature  (700°F)  parallel  to  <lo!o>ain 
6 A 1 - 4 V Ti  ELI  Grade.  Loading  parallel  to  < 0 0 0 1 > ^ in  6A1-4V  Ti 
ELI  Grade  produces  no  change  in  yield  strength  when  monotonic 
and  cyclic  tensile  properties  are  compared  at  either  listed 
test  temperature.  Moreover,  at  700°F,  the  magnitude  of  the 
yield  strength  asymmetry  along  <0001>ci  is  vastly  reduced  (compare 
cyclic  tensile  and  compression  yield  strength  at  700°F  vs  70°F) 
but  the  large  asymmetry  in  working  hardening  coefficient  between 
tension  and  compression  modes  remains  when  the  metal  is  tested 
parallel  to  <0001>a  at  700°F. 

Increasing  the  interstitial  content  of  the  6A1-4V  Ti  composition 
produces  little  change  in  either  the  monotonic  or  cyclic  stress: 
strain  behavior  at  700°F  (compare  results  for  6A1-4V  Ti  ELI  Grade 
and  Standard  Grade  in  Table  V).  It  does  appear  from  this  comparisoi 
that  whatever  interstitial  induced  strengthening  does  remain  at 
this  temperature  it  is  primarily  associated  with  yielding  due 
to  loads  applied  along  <1010> 


i 


i 
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Figure  9 presents  70°F  cyclic  s t r e ss : s t r a i n curves  for 
orthogonally  oriented  samples  of  basal  transverse  textured 
6Al-2Sn-AZr-6Mo  Ti.  A summary  of  this  behavior  is  also  in- 
cluded in  Table  V.  Cyclic  strain  softening  is  more  apparent 
when  loads  are  applied  along  <1010 than  it  is  in  the  case  of 
6A1-4V  Ti  (compare  monotonic  and  cyclic  tensile  yield  strengths 
for  the  two  materials).  A modest  degree  of  cyclic  strain  soft- 
ening is  even  exhibited  for  tensile  loads  applied  along  <0001>a 
in  6 A 1 - 2 Sn - 4 Z r - 6Mo  Ti.  The  cyclic  compression  yield  properties 
of  this  metal  differ  significantly  from  those  just  presented 
for  6A1-4V  Ti.  For  example,  the  cyclic  compression  yield  for 
loads  applied  along  < 1 0 1 0 > ^ is  distinctly  lower  than  its  tensile 
counterpart  and  the  strong  yield  loci  asymmetry  noted  in  the  case 

of  6A1-4V  Ti  loaded  along  <0001>  virtually  does  not  exist 

a 

here.  However,  these  differences  in  flow  stress  at  plastic 

- 3 

strains  of  2 x 10  between  the  two  material  chemistries  are 
minimized  at  higher  flow  stresses  or  plastic  strains  due  to  the 
large  work  hardening  coefficients  observed  cyclicly  when  loads 
were  applied  in  both  the  <1010>  and  <0001>  directions.  In 
fact,  two  of  the  more  significant  conclusions  one  can  draw  from 
Table  V is  that  work  hardening  is  much  more  extensive  in  compression 
in  a + B Ti  alloys  than  it  is  in  tension  and  that  compression 
along  <000 l produces  a significantly  higher  degree  of  work 
hardening  than  does  similar  loading  along  <1010>a. 
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Recognizing  from  Table  V chat  cyclic  strain  softening  does 
not  occur  to  an  appreciable  enough  extent  in  either  orientation 
in  6 A 1 - 4 V T i to  reduce  the  basic  tensile  yield  strength  dif- 
ferences observed  mono t on i c a 1 1 y between  samples  loaded  in  <0001> 

a 

and<1010>  , one  could  well  expect  the  S-N  fatigue  behavior  of 

a 

samples  whose  long  axis  is  oriented  parallel  to  < 000 1>^  to  be  sup- 
erior to  that  associated  with  samples  whose  long  axis  was  or- 
iented parallel  to  <1010>a.  Such  an  expectation  is  bourne  out 
in  Figure  10  where  one  notes  the  "smooth"  fatigue  lives  of  <0001>^ 

oriented  6 A 1 - 4 V Ti  ELI  Grade  samples  exceed  their  < 1 0 1 0 > counter- 

r a 

parts  by  a factor  of  ten  at  all  stress  levels.  In  "notched" 

fatigue,  the  difference  in  life  with  alpha  crystallographic 

orientation  observed  at  K ^ = 1 in  Figure  10  for  6 A 1 - 4 V Ti  ELI 

Grade  virtually  disappears  (see  Figure  11).  This  result  is  not 

totally  unexpected  and  can  be  rationalized  based  on  the  fact 

that  a K = 4 notch  creates  a triaxial  stress  state  which  tends 
t 

to  average  fatigue  life  performance  in  the  two  orthogonal  loading 
directions.  Increasing  the  oxygen  and  hydrogen  levels  of  6A1-4V  Ti 
Eli  Grade  by  70%  and  125%  respectively  produced  no  change  in  its 
notched  fatigue  S-N  performance  (compare  S-N  data  presentations 
in  Figures  11  and  12). 

The  S-N  fatigue  performance  of  basal  transverse  textured  6Al-2Sn- 
4Zr-6Mo  Ti  at  a K = 1 is  shown  in  Figure  13.  As  noted  previously 
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in  the  case  of  6A1-4V  Ti  ELI  Grade,  one  expects  on  the  basis 
of  the  raonotonic  and  cyclic  s t re s s : s r -a  in  data  for  &Al-2Sn-4Zr- 
6Mo  Ti  posted  in  Table  V that  low  cycle  fatigue  performance 

of  samples  oriented  in  the  <0001>  direction  should  be  superior 

a 

to  those  oriented  in  the  <1010>  direction.  Indeed  if  one  ex- 

a 

trapolates  the  data  presented  in  Figure  13  to  stress  levels  above 

130  Ksi  this  does  appear  to  be  true.  Below  130  Ksi,  the  "smooth" 

fatigue  life  of  <0001>  oriented  samples  of  this  allov  composition 

a 

in  the  specific  heat  treatment  condition  defined  for  it  in  Table 

II  is  significantly  inferior  to  its  <1010>  counterpart.  Just  as 

a 

was  the  case  in  6A1-4V  Ti,  limited  data  is  presented  in  Figure  14 
which  verifies  our  expectation  that  th  orientation  dependence 
witnessed  for  the  "smooth"  fatigue  performance  of  this  material 
is  eliminated  when  notched  fatigue  life  performance  is  evaluated. 

Creep  parallel  to  both  <0001>  and  <1010>  has  also  been  monitored 

a a 

for  highly  textured  6A1-4V  Ti  ELI  Grade  in  both  air  and  vacuum 

over  the  temperature  range  700°F  to  1000°F.  At  700°F  in  vacuum 

no  appreciable  creep  was  observed  after  40  hours  of  loading  in 

either  direction  (<1010>  or  <0001>  ) until  one  applied  greater 

a a 

than  90%  of  the  direction's  monotonic  yield  strength.  In  Tables 
VI  and  VII  we  present  minimum  creep  rates  observed  in  vacuum  and 
air  respectively  as  a function  of  temperature,  applied  stress 


and  orientation. 


TABLE  VI 


VARIATION  OF 

MINIMUM  CREEP  RATE 

OF 

TEXTURED  6A1-4V 

Ti  ELI  CRADE  TESTED 

IN  VACUUM 

(a)  <10l0>a 

Stress  , 

Minimum  Creep 

Temperature 

Young's 

Modulus 

(Ksi) 

Rate  (in/ in/hr ) 

(°F) 

(psi) 

-6 

6 

60* 

4.4  x 10 

700 

11.6 

X 

10° 

50* 

8.3  x 10 

800 

10.2 

X 

106 

40 

1 . 60  x 10'^ 

900 

10. 9 

X 

10 

45 

50 

3.15  x 10  ^ 
7 . 00  x 10'^ 

900 

900 

10.9 

10.9 

X 

X 

106 

106 

30 

5 . 15  x io~: 

1000 

9.3 

X 

106 

35 

1 . 10  x 10"? 

1000 

9 . 3 

X 

106 

40 

3. 10  x 10"4 

1000 

9.3 

X 

10 

(b)  <0001>rt 

8 5> 

(No  appreciable 
creep  observed 

700 

17.9 

X 

106 

for  a total  of 
35  hours) 

A 

60  = 

(No  apprec iable 
creep  observed 
for  a total  of 

800 

16.3 

V 

10 

65 

45  hours), 
1. 3 x 10~ l 

800 

16.3 

X 

106 

40 

4 . 5 x 10"£ 

900 

15.8 

X 

106 

50 

60 

7 . 5 x 10 
1 . 70  x 10~5 

900 

900 

15.8 

15.8 

X 

X 

10° 

25 

6.5  x 10  , 

1000 

13.9 

X 

106 

35 

50 

1.45  x 10'^ 
6 . 70  x 10-5 

1000 

1000 

13  . 9 
13.9 

X 

X 

10° 

106 

*No  measurable  creep  was  observed  until  90%  of  the  yield 
stress  was  applied. 
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Stress 

(Ksi) 

Min  imum  Creep 
Rate  (in/in/hr) 

Temperature 

<°F) 

Young 

' s Mod  ulus 
(psi  ) 

40 

3.4  x 10"|| 

700 

11.6 

X 

1 0 6 

50 

5.0  x 10 

700 

11.* 

X 

106 

55 

1.10  x 1 0 “ ^ 

700 

11.6 

X 

106 

60 

1 . 20  x 10. 

700 

11.6 

X 

io” 

30 

3.25  x 10";’ 

900 

in.  9 

X 

35 

1.55  x 10"" 

900 

10.9 

X 

106 

45 

5.86  y 10 

900 

10.  9 

X 

10 

(b)_ 

70 

<0001> 

a 

2 . 00 

X 

1 °-  5 

700 

17.9 

X 

106 

80 

2.21 

X 

1 0 - 4 

700 

17  . 9 

X 

1 0 6 

35 

3.86 

X 

10-4 

1000 

13.9 

X 

106 

50 

5 . 80 

X 

10 

1000 

13.9 

X 

10° 

As  one  can  note  from  Tables  VI  and  VII,  the  material  in  both 
directions  is  markedly  more  creep  resistant  in  vacuum  than  it 
is  in  air.  The  absolute  value  of  the  creep  rate  parallel  to 
<0001>a  at  any  given  stress  level  and  temperature  was  always 
significantly  lower  chan  its  <1010>^  counterpart.  Additionally 
the  stress  sensitivity  of  the  creep  rate  in  the  <1010:>  direction 
is  significantly  higher  than  is  its  counterpart  in  the  <0001- 

Cl 

direction  in  both  environments. 
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Creep  resistance  improvement  in  < 000 1 over  that  observed 

along  < 1 0 1 0 > ^ has  also  been  reported  at  elevated  temperature 

by  Hodi  (Reference  10)  in  the  ease  of  basal  transverse  textured 

4 A 1 - 4 V T i tested  in  ai  Mechanistically,  the  crystallography 

motivated  improvement  is  relatable  here  again  to  the  higher 

crss  required  for  <c  + a>  versus  < a > in  the  aluminum  rich  alpha 

phase  (Reference  3)  and  the  low  Schmidt  factor  associated  with 

<a>  slip  it.  the  <0001>  oriented  samples.  The  enhancemen  of 

a 

creep  resistance  associated  with  transferring  the  material  from 
air  to  a vacuum  environment  must  be  relatable  to  an  inteiaction 
between  oxygen  and/or  nitrogen  and  the  beta  phase  of  the  6 A1 -4 V Ti 
ELI  Grade  since  the  amount  of  dissolved  oxygen  in  the  alpha  phase 
is  not  expected  to  play  any  significant  role  in  the  mechanical 
behavior  ot  this  phase  above  500°F  (Reference  11).  Just  what 
the  nature  of  this  interaction  is  will  require  further  investi- 
gation. 
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CONCLUSIONS 


The  uniaxial  unnotched  mechanical  properties  of  basal 
transverse  textured  6A1-4V  Ti  and  6 A 1 - 2 Sn-4 Z r -6Mo  Ti 
are  highly  anisotropic. 

o 

Young's  Modulus  of  basal  transverse  textured  6A1-4V  Ti  at  70  F 

is  20%  greater  parallel  to  <0001>  than  it  is  parallel 

a 

to  < 1 0 1 0 > 

a 

Monotonic  tensile  strength  enhancements  of  25%  have 
been  found  at  70°F  on  comparing  the  tensile  properties 
of  samples  aligned  along  <0001>^  versus  <1010>c.  in  6A1- 
4V  Ti  after  Rex'l  I processing. 

The  70°F  cyclic  compression  yield  strength  of  the  6A1-4V 
Ti  ELI  Grade  composition  in  the  <0001>ci  direction  was  188 

Ksi  vs.  94  Ksi  in  the  <1010>  direction. 

a 

At  700°F,  Young's  Modulus  parallel  to  <0001>^  in  basal  trans- 
verse textured  6A1-4V  Ti  exceeds  that  parallel  tv  <10l0> 

a 

by  54%  and  the  monotonic  yield  strength  parallel  to  < 0 0 0 1 > ^ 

is  60%  higher  than  its  <1010>  counterpart. 

a 

Examination  of  the  cyclic  stress: strain  behavior  of  basal 
transverse  textured  6A1-4V  Ti  at  70°F  and  700  F demonstrates 
that  the  monotonic  mechanical  property  improvements  just 
summarized  are  not  diminished  by  cyclic  softening. 
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7.  Similar  results  in  terms  of  mechanical  property  anisotropy 
have  been  obtained  for  basal  transverse  textured  6Al-2Sn- 
4Zr-6Mo  Ti  as  are  described  above  for  basal  transverse  tex- 
tured 6A1-4V  Ti. 

8.  Smooth  fatigue  lives  oi  <0001>  oriented  samples  in  basal 

a 

transverse  textured  6A1-4V  Ti  exceeded  their  <1010>  counter- 

01 

parts  at  70°F  by  a factor  of  10  when  fatigue  performance  at 
a given  stress  level  was  compared. 

9.  The  notched  fatigue  life  (K^  = 4)  of  both  orientations 

(<0001>  and  <1010>  ) was  the  same  at  any  stress  level  in 
a a 

6A1-4V  Ti  and  6 A 1 - 2 Sn - 4 Zr- 6Mo  Ti. 

10.  In  contrast  to  the  enhanced  smooth  fatigue  performance  of 

< 0 0 fl  1 > over  <1010>  it.  basal  transverse  textured  6A1-4V  Ti, 

a fit 

K =1  <10l0>  samples  of  basal  transverse  6Al-2Sn-4Zr-6Mo  Ti 
t a 

exhibited  fatigue  lives  approximately  a factor  of  5-10  times 

better  than  their  <0001>  counterparts  depending  on  maximum 

a 

stress  level. 

11.  The  elevated  temperature  creep  resistance  of  basal  transverse 
textured  6A1-4V  Ti  depends  on  both  environment  and  alpha 
phase  crystallography.  Creep  rates  in  the  temperature  range 
700°F  to  1000°F  can  be  reduced  by  a factor  of  ten  in  either 
orientation  by  running  the  test  in  vacuum  rather  than  lab 
air.  Additionally,  creep  races  parallel  to  <0001>^  are  always 


a factor  of  10  lower  than  those  observed  parallel  to 

<10l0>  when  similar  stress  levels  and  tempers  are  com 
a 

pared  . 

Microstructural  mechanisms  are  offered  to  rationalize 
the  several  mechanical  property  improvements  noted  in 


this  work . 
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The  spreading  application  of  fracture  mechanics  as  a design 
analysis  tool  in  the  aerospace  industry  of  the  '70s  has  made 
it  mandatory  that  the  crack  growth  resistance  properties  of 
engineering  materials  be  not  only  measured  but  also  controlled. 
Property  control  during  metal  manufacturing  procedures  requires 
a knowledge  of  the  manner  in  which  alloy  chemistry  and  processes 
such  as  thermomechanical  metal  working  influence  the  matrix 
of  properties  obtained  in  the  final  product.  Experience  has 
shown,  moreover,  that  the  crack  growth  resistance  properties 
of  a + B Ti  alloys  will  vary  markedly  when  compared  on  a lot-to- 
lot  basis.  The  purpose  of  the  present  work  is  then  twofold. 
Firstly,  we  shall  report  results  on  crack  growth  resistance  in 
lab  air  and  saline  water  for  three  commercial  a + 8 Ti  alloy 
compositions  where  the  TMT  working  procedures  have  been  carefully 
controlled  and  monitored.  The  three  alloy  compositions  are 
6A1-4V  Ti  (0.09  wt%  oxygen),  6A1-4V  Ti  (0.162  wt%  oxygen)  and 
6Al-2Sn-4Zr-6Mo  Ti.  Secondly,  we  shall  endeavor  to  provide 
fundamental  insight  into  the  relationship  between  the  micto- 
structural/crystallographlc  origins  of  crack  growth  resistance 
in  these  commercial  alloy  compositions  and  production  controllable 
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mat e r ial / p roc e s s parameters  (i.e.,  alloy  chemistry  and 
thermomechanical  processing). 

Attainment  of  the  second  objective  will  be  greatly  enhanced 
because  all  the  metal  employed  in  this  study  was  processed 
in  a manner  which  left  the  various  alloys  both  well  annealed  and 
with  very  strong  basal  transverse  textures.*  Since  the  re- 
crystallized mi c ro s t r uc t ur e of  all  three  Ti  alloy  compositions 
employed  in  this  work  are  preponderantly  hexagonal  at  room 
temperature,  one  can  conceptually  think  of  these  materials 
as  pseudo  a single  crystals  possessing  one  of  three  alloy 
chemistries  (see  Figure  1). 

While  numerous  investigators  have  reported  results  on  the 
relation  of  crack  growth  resistance  (in  terms  of  either  fracture 
toughness,  stress  corrosion  or  fatigue  crack  growth  rates)  to 
overall  mi cros true t ure / f r act o graphic  morphology  (e.g.,  Widmannstat- 
ten  vs.  equiaxed,  etc.,  References  1-5),  only  three  prior 
investigations  have  made  any  systematic  attempt  to  correlate 
crack  growth  resistance  to  alpha  phase  crystallography  (Ref- 
erences 6-8).  Probably  the  first  crack  growth  "resistance": 
crystallography  correlation  is  the  now  classic  result  of  Black- 
burn and  Williams  (Reference  6)  in  which  they  showed  the  primary 
fracture  path  associated  with  static  load  induced  saline  stress 

*A  detailed  description  of  the  thermomechanical  processing 
required  to  generate  these  textures  can  be  found  in  Part  I. 
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Figure  1 - Basal  Pole  Schematic  for  a Basal  Transverse 
Textured  ah  Material 

Note:  Point  A represents  the  case  of  perfect  alignment 

OF  ALL  CRYSTALLITES, 

(Ref,  Larson  and  Zarkades,  MCIC-74-20) 


corrosion  of  the  a phase  (i.e.,  low  values  of  K^g^)  "near 
basal"  cleavage  [i.e.,  on  (1017)  or  (1018)].  In  addition,  there 
have  been  two  fatigue  crack  growth  rate  studies  in  this  area. 

Both  of  the  earlier  crystallography  related  fatigue  crack  growth 
studies  were  conducted  only  in  lab  air.  The  first  of  these  two 
studies  was  performed  by  Harrigan,  Sommer,  Reimers  and  Alers  on 
basal  transverse  textured  6Al-2Sn-4Zr-6Mo  Ti  which  was  recrystal- 
lized prior  to  crack  growth  observations  (Reference  7).  These 
authors  showed  the  metal  to  be  anisotropic  with  respect  to  both  its 
plane  strain  fracture  toughness  and  fatigue  crack  growth  rate. 

They  reported  to  vary  by  a factor  of  two  with  orientation. 

The  tougher  orientation  was  that  wherein  the  load  was  applied 

4 

parallel  to  the  direction  of  most  intense  basal  pole  or  c axis 

concentration.  In  terms  of  lab  air  fatigue  crack  growth  rate 

anisotropy,  they  observed  da/dn  at  low  AK  (<  18  Ksi/irv.)  to  be 

nearly  an  order  of  magnitude  faster  when  loads  were  applied 

-¥ 

parallel  to  the  direction  of  major  c axis  concentration  as 
opposed  to  directions  orthogonal  to  this  product  direction.  At 
higher  AK  ( > 1 8 Ksi/Fn.),  the  orientation  dependence  of  the 
growth  rate  reversed  and  cracks  propagating  in  Mode  I parallel 
to  the  bas  1 plane  moved  more  slowly  at  any  AK  than  cracks 
propagated  normal  to  this  crystallographic  pl-ne. 


A far  more  complete  investigation  of  the  relation  between 
crystallography  and  Stage  II  fatigue  crack  growth  in  basal 
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transverse  textured  and  annealed  6A1-4V  Ti  (0.13  wt%  oxygen) 
was  performed  by  Bowen  (Reference  8).  He  observed  fatigue 
crack  growth  rate  differences  with  test  orientation  similar  to 
that  reported  earlier  by  Harrigan  et  al  (Reference  6)  in  their 
more  highly  beta  stabilized  alloy.  He  demonstrated  that  the 
growth  rate  differences  observed  as  a function  of  test  piece 
orientation  are  associated  with  changes  in  crystallographic 
deformation  mode  required  by  the  various  loading  directions 
and  crack  plane  orientations  employed.  Specifically  he  showed 
that  da/dn  above  AK  ■ 20  Ksi  /in . was  not  a strong  function  of 
AK  (in  terms  of  a low  value  of  the  Paris  exponent , "m") when  a 
crystallographic  deformation  mode  satisfied  the  shear  stresses 
set  up  in  the  continuum  flow  field  at  the  crack  tip  (i.e.,  slip 
or  twinning  happens  symmetrically,  about  the  crack  plane  tip 
and  crack  advance  occurs  on  a linear  front  which  is  normal  to 
the  applied  load).  By  contrast,  da/dn  in  the  high  AK  region 
(i.e.,  >20  Ksi  /in . ) was  a much  stronger  function  of  AK  (in 
terms  of  higher  Paris  "m"  values)  for  those  crack  plane : loading 
direction  orientations  where  large  differences  existed  between 
th*>  orientation  of  the  available  crystallographic  deformation 
modes  and  the  shear  stresses  of  the  continuum  flow  field.  For 
example,  in  a basal  transverse  textured  product,  the  AK  insen- 
sitive test  orientations  were  shown  to  be  LS , SL  and  TS.  Sig- 
nificantly higher  AK  sensitivity  was  found  for  growth  rates 
measured  in  TL,  ST  and  LT  orientations.  In  these  latter  three 


orientations,  fractographic  evidence  taken  from  regions 
cracking  mac r o s cop i ca 1 ly  at  rates  greater  than  1 x 10  ^ 
inches/cycle,  indicates  that  crack  advance  is  quite  complex. 

It  is  neither  linear  across  the  sample  on  any  given  crack  plane 
nor  planar.  This  complexity  arises  because  in  these  orientations 
slip  and/or  twinning  are  forced  to  occur  a s syrne t r ica 1 ly  about 
the  crack  plane  tip  and  microscopic  regions  of  ductile  tear  are 
found  connecting  regions  of  striation  formation.  Bowen  ration- 
alizes the  higher  AK  da/dn  rate  sensitivities  of  the  TL,  ST  and 
LT  about  AK  = 20  Ksi  / in . in  terms  of  his  monotonic  or  ductile 
tear  fracture  observations  since  this  fracture  mode  isn't  a 
function  of  AK  but  only  K 

max 

Based  on  Bowen's  association  of  monotonic  fracture  with  Increasing 
AK  sensitivity  at  high  AK,  one  would  expect  those  orientations 
with  the  higher  rare  sensitivity  (TL,  ST  and  LT)when  Kmax  is 
high  enough  to  promote  ductile  tear  to  also  exhibit  higher  AK 
threshold  values  than  the  linear  crack  advance  group  (TS,  LS,  SL)  . 
At  low  AK  the  microscopic  regions  which  can  tear  at  high  values 
of  K should  become  very  effective  barriers  to  further  growth 
when  K is  too  low  to  permit  ductile  tear  within  the  plastic 
zone  at  the  crack  tip.  Unfortunately,  Bowen  made  very  few  crack 
growth  rate  measurements  below  AK  = 20  Ks i /in . In  the  two  or- 
ientations where  he  did  make  a consistant  series  of  measurements 
in  the  10  ^ inches/cycle  region  ( l . e . , LS  and  LT),  his  results 
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show  the  LS  orientation  [measured  Paris  "a"  value  ■ 2.7  (at 
high  AK]  tending  to  a AK  threshold  at  least  2 Ksi/in.  lower 
than  the  LT  orientation  [measured  Paris  "m"  values  ■ 4.1  (at 
high  AK) ] . It  will  be  interesting  to  see  if  this  proposed  re- 
lationship between  propensity  to  ductile  tear  at  high  AK  and 
AK  threshold  extends  to  a comparison  between  crack  growth  rates 
in  the  TL  orientation  (measured  Paris  "m"  » 3.1)  and  the  LT 
orientation  (measured  Paris  "m"  ■ 4.1)  in  basal  transverse 
textured  Ti  alloy  products.  Confirmation  of  this  prediction 
will  also  be  sought  during  the  current  effort  since  these  two 
crack  orientations  are  often  the  most  important  from  an  eng- 
ineering structural  analysis  viewpoint.  In  fact,  such  AK 
threshold  shifts  can  significantly  impact  predictive  analyses 
where  fatigue  crack  retardation  effects  are  considered.  Da/dn 
rates  under  spectrum  loading  conditions  are  determined  by  com- 
bining the  appropriate  constant  load  amplitude  da/dn  vs  AK  re- 
lation with  a knowledge  of  the  instantaneous  value  of  ^effective' 
^effective  “n  turn  *8  obtained  after  reducing  the  applied  AK 
by  instantaneous  value  of  ^ciogure*  Thus,  one  required  knowledge 
of  the  da/dn  vs  AK  relation  at  AK  values  well  below  those  actually 
applied  to  the  hardware  being  analyzed. 
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Another  subject  of  great  interest  in  titanium  alloy  metal- 
lurgy are  the  origins  of  crack  growth  acceleration  in  adverse 
environments.  Such  acceleration  has  been  observed  under  both 
static  load  References  2 and  6)  as  well  as  during  fatigue  load 
cycling  (References  1 and  3)  when  results  are  compared  for 
cracking  in  lab  air  versus  in  aqueous  salt  solutions  of  various 
levels  of  salinity.  Specifically,  Pettit  et  al  (Reference  2) 
reported  very  low  values  of  KjgCC  in  the  TL  orientation  of 
intensely  basal  transverse  textured  and  recrystallized  6A1-4V  Ti 
plate  which  had  been  fabricated  by  the  RMI  Company  to  Rockwell 
International's  High  Fracture  Toughness  B-l  specification.  They 
also  reported  that  the  fatigue  crack  growth  rate  of  this  orienta- 
tion was  markedly  accelerated  when  one  compared  results  obtained 
in  lab  air  and  salt  water.  The  growth  rate  acceleration  they 
reported  in  salt  water,  moreover,  was  a complex  function  of  load 
cycle  frequency  and  applied  AK  in  a manner  similar  to  that 
reported  by  Dawson  and  Pelloux  for  6A1-4V  Ti  plate  of  undetermined 
basal  texture  pedigree.  For  example,  at  low  AK  (<10Ksi/iit.  @ R - 0.1), 
low  load  cycling  frequencies  in  salt  water  ( v<  1 cpe)  generated 
da/dn  results  very  similar  to  those  measured  in  dry  air  at  the 
same  AK.  By  contrast  high  load  cycling  rates  in  salt  water  at 
low  AK  caused  an  appreciable  da/dn  acceleration.  The  reverse 
was  true  above  AK's  in  the  range  13  Ksi/Tn.  to  15  Ksi/Tn. 
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Dawson  and  Pelloux  explain  the  complex  frequency  behavior  in 
terms  of  the  rate  of  formation  of  a passivating  film  on  the 
crack  tip  which  forms  quickly  enough  at  low  frequency  to 
effectively  separate  the  cracking  metal  from  its  environment 
If  the  AK  is  low  °nough.  In  this  case,  high  frequency  loading 
is  really  defined  in  terms  of  wave  shape  and  rise  time  with  the 
important  characteristic  that  the  load  rise  time  be  significantly 
shorter  than  the  time  required  for  repassivation  of  a surface 
whose  protective  film  has  just  been  ruptured.  The  term  " high 
AK"  here  becomes  synonomous  with  that  stress  intensity  level 
where  conventional  time  dependent  static  stress  corrosion  cracking  is 
a major  component  of  the  corrosion  fatigue  process. 

By  contrast  with  the  above  reports  of  strong  acceleration  of 
crack  growth  in  salt  water  (versus  lab  air)  for  the  ELI  grade 
of  6A1-4V  Ti  sheet  (Reference  9)  and  plate  (Reference  2)  products, 
Chesnutt  et  al  have  reported  the  crack  growth  characteristics 
(Kiscc  anc*  da/dn)  of  several  separated  processed  6A1-4V  Ti 
ELI  Grade  pancake  forgings  to  be  only  mildly  accelerated  (and 
in  some  cases,  not  at  all)  when  the  metal  was  immersed  in  salt 
water  (versus  lab  air).  They  thermomechanically  processed  their 
pancakes  to  produce  seven  distinct  phase/grain  morphologies 
which  spanned  the  range  from  equiaxed  particle  shapes  to 
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to  Widmannstatten  structure.  The  basal  pole  textures  of  all 
seven  micros tructural  conditions  were  relatively  weak.  Moreover, 
these  textures  were  such  that  the  compact  tension  samples  they 
extracted  from  these  samples  for  stress  corrosion  and  corrosion 
fatigue  testing  exhibited  few  basal  poles  parallel  to  the  dir- 
ection of  applied  load.  This  observation  is  apparent  from  both 
the  X-Ray  basal  pole  figures  they  present  for  each  microstructural 
condition  as  well  as  their  report  ofsrl6  x lO^psi  for  Young’s 
modulus  in  this  product  direction.  Having  thus  precluded  "near 
basal"  cleavage  (Reference  6)  geometrically,  their  study  emphasizes 
again  the  association  of  "near  basal"  cleavage  and  crack  growth 
acceleration  in  an  aqueous  saline  solution.  Having  once  precluded 
the  existence  of  a continuous  "near  basal"  cleavage  path  normal 
to  a principal  stress  direction  in  the  compact  sample,  no  further 
significant  corrosion  induced  crack  growth  acceleration  was  found 
for  any  of  the  several  microstructural  conditions  studied. 

One,  thus,  could  conclude  from  the  above  that  corrosion  induced 
crack  growth  acceleration  in  a + 6 Ti  alloys  results  solely  from 
the  propensity  of  the  alpha  Ti  phase  to  cleave  in  a near  basal 
orientation  when  exposed  to  a saline  environment  under  load  (static 
or  cyclic).  There  are  three  signiricant  questions  that  still 
remain  to  be  answered.  One,  what  is  the  microstructural  origin 


of  this  "near  basal"  cleavage  process  and  how  is  it  influenced 
by  alloy  chemistry.  Two,  is  it  possible  for  an  a + 6 Ti  alloy 
sample  to  exhibit  virtually  100%  near  basal  cleavage  as  a fracture 
mode  and  still  not  show  significantly  accelerated  crack  growth 
in  salt  water?  Three,  what  is  the  relationship  between  micro- 
structural  grain/phase  morphology  and  corrosion  induced  crack 
growth  acceleration  in  an  a + 6 Ti  alloy  material  where  a 
significant  quantity  of  basal  poles  adopts  a strongly  preferred 
direction?  In  our  current  effort,  we  shall  attempt  to  provide 
answers  to  the  first  two  of  the  questions.  The  third  question 
although  of  great  Interest  is  beyond  the  scope  of  the  present 


research. 


EXPERIMENTAL  PROCEDURE 


! 

i 


\ 

I 


Three  distinct  a + B Ti  alloy  chemistries  were  employed  in 
this  work.  Two  of  these  were  of  the  basic  6A1-4V  Ti  composition 
differing  only  in  their  oxygen  contents.  The  ELI  version  of 
this  alloy  contained  0.095  wt%  oxygen.  The  Standard  Grade 
6A1-4V  Ti  composition  contained  0.162  wt%  oxygen.  The  wt%  of 
all  other  alloy  constituents  in  both  heats  were  identical.  The 
third  alloy  composition  employed  was  6 Al- 2 Sn- 4 Zr- 6Mo  Ti.  All 
materials  used  in  this  work  were  derived  from  production  melting 
stock.  They  were  thermomechanical ly  processed  to  one  quarter 
inch  thick,  six  and  one  half  inch  wide  plate  stock.  The  metal 
process  schemes  employed  were  all  designed  to  produce  a plate 
product  which  exhibited  an  intense  basal  transverse  crystallo- 
graphic texture.  X-Ray  diffraction  basal  pole  figures  for  each 
of  the  three  alloy  compositions  are  given  in  Figures  2-4.  Another 
method  for  expressing  basal  pole  preferred  orientation  is  elastic 
constant  anisotropy.  Young's  moduli  for  all  three  alloy  products 
are  given  in  Table  I.  Detailed  accounts  of  the  individual  alloy 
chemistries  thermomechanical  process  schemes  employed  and  ex- 
perimental procedures  to  obtain  the  X-Ray  pole  figures  and 
Young's  moduli  can  be  found  in  Part  I.  Conventional  mechanical 
properties  for  these  materials  are  enumerated  in  Part  II. 
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Figure  2:  Material-6A1-4V  Ti  EL!  Grade 
TMT  Process  Method. 7 


Figure  3:  Material— 6A1—4V  Ti 

Standard  Grade 
TMT  Method  11 


R.O. 


Figure  4:  Material— 6Al—2Sn—4Zr—6Mo  Ti 
TMT  Method  - 16 


TABLE  I 


BASAL  TRANSVERSE  TEXTURE  DETERMINATIONS 
VIA  YOUNG'S  MODULUS  ANISOTROPY 


Alloy  Composition 

Heat  Treat- 
Ment 

-*  E 

Width 

(xl06pai) 

ERolling 

(xl0°psi) 

E 

WyR 

(xl06ps 

6A1-4V  Ti:  ELI  Grade 

Rex'l  I 

20.18 

15.75 

4.43 

Rex'l  II 

19.65 

15.55 

4 . 10 

Duplex 

20.25 

15.45 

4.80 

6A1-4V  Ti:  Standard 
Grade 

Rex'l 

21.20 

16 . 00 

5 . 20 

6Al-2Sn-4Zr-6Mo  Ti 

Rex'l 

19.04 

15.81 

3.23 

a Pi  Single  Crystal 

Annealed 

21.00 
(c*  axis) 

14.50 
(a"  axis ) 

6.50 

*For  details  of  these 

treatments , 

please  see 

Table  II 
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Table  II  details  the  heat  treatments  our  various  alloy 
compositions  were  subjected  to  prior  to  test.  As  one  can 
note,  the  ELI  or  low  oxygen  grade  of  6A1-4V  Ti  was  examined 
in  three  conditions  and  the  other  compositions  in  only  one  each. 
The  elastic  moduli  of  the  variously  heat  treated  alloys  are 
given  in  Table  I.  The  mechanical  behavior  of  the  three  alloy 
products  after  these  various  heat  treatments  is  given  in  Part  II. 

TABLE  II 

POST  ROLLING  THERMAL  PROCESS 
SCHEDULES 


Alloy  Chemistry  Heat  Treat 

Designation 


Heat  Treatment* 


6A1-4V  T i : ELI  Grade  Rex'l  I 

Rex'l  II 
Duplex 


6A1-4V  Ti:  Standard  Rex"L 

Grade 


6Al-2Sn-4Zr-6Mo  To  Rex'l 


1710°F/4  hrs . + furnace 
cool  at  less  than  100  F/ 
hour  to  70°F. 

17lO°F/4  hrs.  + air  cool 
to  70°F 

1710°F/4  hrs.  + furnage 
cool  at  less  than  100  F / 
hour  to  1400°F/1  hr.  + air 
cool  to  70  F. 

1780°F/4  hrs.  + furnace 
cool  at  less  than  100°F/ 
hour  to  70°F 

1700°F/8  hrs.  + furnace 
cool  to  1200°F/1  hr.  + 
air  cool  to  70  F 


♦Microstructurally , all  three  materials  have  10  m grain  size 

and  are  fully  recrystallized  and  equiaxed. 


The  crack  growth  resistance  of  compact  tension  samples 
fashioned  from  all  three  alloy  products  were  assessed  as  a 
function  of  urientation  within  the  products.  In  all  cases, 
the  compact  tension  sample's  dimensions  were  B ■ V'  and  W * 2V  . 

The  two  product  orientations  employed  here  were  LT  and  TL. 

Employing  the  pseudo  single  crystal  hypothesis  mentioned  earlier 
(see  Figure  1),  LT  oriented  samples  can  be  regarded  as  being  so 
configured  that  loads  are  applied  parallel  ko  a <1010>  direction 
in  our  a phase  "single  crystal"  and  the  crack  advances  along  <0001>. 
Conversely  TL  oriented  samples  apply  a load  parallel  to  <0001> 
and  cracks  propagate  parallel  to  <1010>. 

Three  measures  of  crack  growth  resistance  were  employed  in  this 
work.  All  measuvments  were  made  at  70°F.  These  were: 

fracture  toughness  in  lab  air 

KtSCC  *n  8^r  an<^  ^.5%  NaCl  in  H20 

da/dn  vs  AK  in  lab  air  and  3.5%  NaCl 
in  H20 

Fracture  toughness  measurements  were  obtained  in  the  form  of  R- 
curves  since  our  one  quarter  inch  plate  thickness  procluded 
measurement  of  K^.  Our  experimental  technique  was  modelled 
after  that  described  in  ASTM  Part  31  (1975)  for  "Proposed 
Recommended  Practice  for  R-Curve  Determination".  An  MTS  closed 
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loop  electro-hydraulic  facility  was  employed  for  both  fatigue 
precracking  and  final  loading  during  the  R-curve  test  itself. 

The  approach  taken  here  was  to  obtain  the  instantaneous  crack 
length  at  any  given  load  along  the  load : displacement  raw  data 
plot  from  experimental  knowledge  of  the  COD  associated  with 
that  particular  load.  Instantaneous  COD  was  obtained  by  first 
taking  a cracked  sample  to  a given  load  and  then  measuring  the 
elope  of  the  load : displacement  curve  associated  with  unloading 
that  sample  to  approximately  80%  of  its  prior  load.  By  it- 
erating this  load:unload  sequence  to  higher  and  higher  loadr  , 
the  raw  data  for  entire  R-curve  was  generated.  In  order  to 
convert  load  vs.  COD  to  K vs  crack  length,  we  assumed  that  the 
standard  K:COD  relation  derived  for  the  CT  sample  fabricated 
from  isotropic  material  Is  valid  here  as  well  so  long  as  the 
proper  choice  of  elastic  modulus  is  inserted  into  the  equation. 

It  was  necessary  to  make  this  assumption  since  no  satisfactory 
K:C0D  relation  for  a CT  sample  fabricated  from  an  anisotropic  9olid 
exists  at  this  time.  Since  the  stress  field  in  a CT  sample  is 

quite  complex,  it  would  only  be  fortuitous  if  the  appropriate 
elastic  modulus  for  either  orientation  could  be  found  among  the 
I'niaxially  determined  moduli  listed  in  Table  I.  For  this  reason 
we  selected  the  appropriate  "modulus"  value  to  be  used  in  this 
relation  from  a knowledge  of  the  initial  fatigue  precrack  length 


~ ---amt  the  linear  portion  of  the  loadtdeflection  curve  obtained  . .. 

din  i ng  the  first  loading  after  precracking.  In  general,  the 
"moduli"  determined  In  this  fashion  represented  an  averaging 
ot  the  uniaxial  moduli  given  In  Table  I for  the  L and  T 
'directions  of  any  given  alloy  composition. 

K . ^ _ measurements  employed  fatigue  precracked  compact  tension 
samples  which  were  exposed  to  either  lab  air  or  3.5%  NaCl  in 
distilled  water.  Fatigue  precracking  was  always  accomplished 
in  lab  ii  1 r to  an  a/w  value  of  at  least  0.3.  The  final  maximum 
precrack  stress  intensity  applied  to  the  specimen  during  the 
fatigue  prerrack  process  Itself  was  always  less  than  one  half  of  the 
initial  K applied  during  the  KjSr(,  determination.  Sample  loading 
for  the  test  itself  was  accomplished  in  an  MTS  electro-hydraulic 
facility.  An  autographic  record  of  load: COD  was  obtained  for  each 
smi.iple.  The  rest  was  run  at  constant  deflection  and  the  sample  was 
fixiurvd  such  that  the  load  originally  applied  by  the  MTS  machine 
could  be  isolated  in  the  constant  deflection  f ixturt : sampl e 
,i  s emb  ] y . For  those  tests  run  in  artificial  sea  water  (3.5%  NaCl 
in  II  <)),  tlu-  environmental  exposure  was  such  that  fresh  sea  water 
continuously  flowed  past  the  crack  tip  during  the  500  hours  the 
test  was  in  prepress.  In  some  cases,  the  initial  loading  after 
fatigue  precracking  was  accomplished  in  the  presence  of  salt 
water,  The  crack  length  of  each  sample  was  monitored  visually 
u i u ;■  a low  power  m i c r o s c o p e ( b OX).  After  5 h D hours  had  elapsed, 
ill.  f i »:  l 1 1 v c d surviving  samples  were 

1 16 


4! 


a 


p I a c e cl  o n c e 


again  in  the  MTS  machine 


with  a COD  gauge  attached  across  the  loading  plane.  The 
residual  displacement  on  the  fixtured  sample  was  released  and  . - 

au t ograph i ca 1 ly  recorded.  The  sample  was  then  loaded  in  the 
test  machine  until  the  "released"  deflection  was  obtained.  The 
load  at  this  point  corresponded  to  the  residual  load  on  the 
constantly  displaced  specimen.  It  was  particularly  important 
in  this  Program  that  we  record  botn  residual  load  and  final 
crack  length  for  our  calculation  since  we  are  dealing 

with  an  acknowledged  anisotropic  material.  Here  again,  the 
load:COD  relations  in  the  literature  for  the  CT  sample  assume 
the  crack  to  exist  in  an  isotropic  solid,  essentially  the  same 
problem  we  faced  in  interpreting  our  R-Curve  raw  data.  Here,  how- 
ever, our  "residual  load"  measurement  at  the  termination  of  the 
test  removed  the  necessity  of  making  assumptions  about  effective 
elastic  moduli,  etc. 

In  two  instances,  KjSCf.  tests  were  conducted  using  a constant  load 

technique.  In  these  situations,  precracking  was  performed  to 

very  low  AK  (e.g.,  5-6  Knin'ln.)  in  salt  water.  The  samples  were 

then  loaded  in  our  MTS  facility  to  a static  K value  2 Ksi/Tn.  higher 

than  the  precrack  K in  the  salt  water  and  held  for  1 hour  or  until 

max 

the  crack  began  to  grow  under  static  load.  If  no  growth  occurred, 
the  load  was  raised  such  that  K was  not  ^ Ksi/Tn.  higher 

than  the  former  precrack  maximum.  This  load  was  again  held  tor 
one  hour  and  assuming  no  growth  here,  the  load  was  raised  again 
and  held  for  observation  of  crack  growth.  Here  again,  fresh 
salt  water  was  continually  fed  to  the  crack  tin  from  a 


reservoir  during  the  test.  The  applied  K was  designated  as 
^ISCC  w^en  one  observed  first  motion  of  the  crack.  Since  our 
microscopic  observation  tool  allowed  us  to  detect  crack  ad- 
vances as  small  as  0.001  inches,  holding  for  one  hour  assured 
us  of  being  able  to  identify  stress  corrosion  crack  advance 
rates  as  low  as  5 x 10  ^ inches/second  in  determining  a KjSCC 
value  with  this  test  technique. 


Fatigue  crack  growth  rate  measurements  were  performed  on  compact 
tension  samples  between  a/w  ratios  of  0.3  and  0.75  at  constant 
load  amplitude  in  MTS  e 1 e c t r o - hy d r a u 1 i c facility.  Crack  growth 
rates  were  monitored  optically  using  a 20X  travelling  microscope 
and  electronically  by  means  of  COD  measurements.  Each  sample 
was  precracked  in  air  for  a distance  of  at  least  V (a  full 
sample  thickness)  at  a series  of  declining  load  amplitudes  with 
the  final  0.050"  to  0.100"  of  precrack  advance  occurring  at 
the  same  load  amplitude  as  wa«  planned  for  use  during  the  data 
collection  portion  of  the  experiment.  Once  the  precrack  phase 
was  completed,  no  further  changes  in  load  amplitude  were  made 
during  the  test  until  it  was  complete.  Tests  were  run  at  70° F 
in  both  lab  air  (average  humidity  - 20%)  and  3,5%  NaCl  in  H^O. 
During  salt  water  tests,  fresh  salt  water  was  continuously 
pumped  into  the  crack  tip  from  a reservoir  in  order  to  maintain 
a constant  crack  tip  chemistry  situation.  In  lab  air,  all  tests 
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RESULTS 


Results  obtained  in  this  effort  for  all  three  Ti  alloy 
chemistries  will  be  reported  in  subsections  entitled 

- Fracture  Toughness 

- Static  Displacement /Load  Crack  Growth 

- da/dn  vs  aK  in  lab  air 

- da/dn  vs  A K in  3.5%  NaCl  in  Ho0  as 

4m 

a Function  of  Final  Thermal  Practice. 

Fracture  Toughness 

Crack  growth  resistance  measurements  (i.e.,  "R-Curves")  were 
employed  to  assess  the  fracture  toughness  of  all  three  alloy 
compositions  as  tion  of  product  orientation  (see  Figures 

5 - 7).  In  order  to  provide  additional  perspective  on  these 
dat  we  have  also  catalogued  the  highest  K level  for  which  no 
evidence  of  crack  growth  could  be  detected  during  the  rising 
load  test  (Table  III).  Additionally,  the  highest  values  of  K 
associated  with  slow  stable  tear  in  a given  product  orientation 
(i.e.,  the  asymptotic  K value  found  for  a given  "R-Curve")  are 
recounted  in  Table  IV. 
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Figure  5 Effect  of  Orientation  on 
Crack  Growth  Resistance 


of  Orientation  on 


slope  and  precrack  length 


TABLE  III 


RESISTANCE  TO  THE  INITIATION 
OF  SLOW  STABLE  TEAR  AS  A FUNCTION 
OF  ALLOY  CHEMISTRY  AND  PRODUCT 
ORIENTATION 


t ..Initiation 

Alloy  Chemistry  KR 

(Kei  /ItT.  ) 


TL  Orientation 

LT  Orientation 

6A1-4V 

Ti  ELI  Grade 

88 

80 

6A1-4V 

Ti  Standard  Grade 

84 

98 

6Al-2Sn 

-4Zr-6Mo  Ti 

60 

66 

TABLE  IV 

MAXIMUM  STRESS  INTENSITY  FOR 
SLOW  STABLE  TEAR  AS  A FUNCTION  OF 
ALLOY  CHEMISTRY  AND  PRODUCT 
ORIENTATION 

• it  01.  j - ^Maximum 

Alloy  Chemistry  KR 

(Ksi  y/tn.  ) 


TL  Orientation 

LT  Orientation 

6A1-4V  Ti  ELI  Grade 

112 

103 

6A1-4V  Ti  Standard  Grade 

103 

113 

6Al-2Sn-4Zr-6Mo  Ti 

96 

113 

123 


Referring  to  Table  III,  load  application  parallel  to  < 0 0 0 1 > 


with  the  crack  expanding  along  <1010>  in  a mixed  mode  situation 

a 

provides  an  unexpected  result  in  that  K*n  * 1 1 a 1 * 0 n che  fL 

R 

orientation  is  essentially  independent  of  interstitial  content 


level.  By  contrast.  It  is  now  well  accepted  that  plane  strain 
fracture  toughness,  K^,  of  6A1-4V  Ti  products  decreases  sharply 
with  increasing  oxygen  level  over  the  same  chemistry  range  de- 
fined by  the  ELI  and  Standard  Grades  employed  here.  The  maximum 
stress  intensity  associated  with  slow  stable  tear  (Table  IV)  in 
a mixed  mode  for  the  TL  orientation  does  depend  on  the  oxygen 
content  of  the  6 A 1 - 4 V Ti  alloy  in  question  but  here  again  the 
dependence  Is  not  very  strong.  The  mixed  mode  crack  growth 
resistance  observed  in  the  LT  orientation  of  the  two  6A1-4V  Ti 
alloy  chemistries  (i.e.,  the  <1010>^:  (0001)^  opening  mode 

system)  is  even  more  unexpected,  based  on  the  established  de- 
pendence of  on  interstitial  chemistry  In  this  alloy  system. 

Here,  in  both  Tables  III  and  IV,  we  observe  that  the  crack  growth 
resistance  of  the  standard  grade  metal  is  superior  to  its  ELI  Grade  counterpart. 


In  Table  III,  one  notes  that  the  resistance  of  the  6 A 1 - 2 Sn- 4 Z r - 6Mo  Ti 
alloy  to  the  initiation  of  slow  stable  tear  in  the  rising  load  or 
R-Curve  test  Is  significantly  poorer  than  either  of  the  6 A 1 - 4 V Ti 


alloy  chemistries.  Moreover,  this  observation  is  independent  of 
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product  orientation.  By  contrast,  the  maximum  K associated 
with  slew  stable  tear  in  the  6- 2- 4- 6 Ti  alloy  depends  on  product 
orientation  with  an  opening  load  applied  parallel  to  <0001>a 
(TL  orientation)  yielding  a significantly  lower  K value  than 
its  < 1010>a  counterpart  (LT  orientation).  Surprisingly,  th: 
maximum  K for  slow  stable  tear  in  the  < 1010>a  : < 0001>a  opening 
mode  system  in  6-2-4-6  Ti  is  equivalent  to  its  6A1-4V  Ti  counter- 
parts (Table  IV)  . 

Static  Displacement/Load  Crack  Growth 

The  effects  of  alloy  chemistry,  thermal  practice,  product  oricnta 
tion  and  chemical  environment  on  statically  displaced  or  loaded 
cracks  in  basal  transverse  textured  Ti  alloys  are  given  in 
Table  V.  As  one  can  note  in  this  Table,  the  vast  majority  of 
these  tests  were  conducted  under  conditions  of  constant  displace- 
ment amplitude.  In  two  cases  where  the  measured  values 

were  quite  low  compared  to  our  lab  air  R-curve  test  data  (Table 
III)  we  confirmed  our  500  hour  salt  water  results  by  running 
constant  load  or  K tests  as  well.  K.  , . , values  in  Table  V 

were  selected  initially  based  on  the  results  of  Table  III  to 


assure  that  our  precracked  samples  did  not  exhibit  additional 
crack  growth  during  their  initial  loading  sequence. 
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Rex'l  I 3.51  NaC 1 - 20**  Rising  K test  which  was 

in  H-0  begun  at  K - 10  Ksi/Tn. 

with  30  minute  hold  times 
at  each  K level. 
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* Constant  disp laceaent  test 
‘♦Constant  load  test 


Reviewing  the  data  presented  in  Table  V for  crack  growth 

in  lab  air  under  static  crack  opening  displacement,  one  notes 

that  neither  the  LT  orientation  (<1010>  : <0001>  )nor  the  TJ, 

a a 

orientation  (<0001>  : <1010>  ) of  6A1-4V  Ti  ELI  Grade  (i.e., 

a a 

0.095  25 % 0,  20  ppm  exhibit  any  crack  growth  in  500  hours 
at  a stress  intensity  of  70  Ksi/Tn.  This  result  validates  our 
R-Curve  results  given  in  Table  III  and  as  well  is  in  keeping 
with  Meyn's  findings  that  such  low  interstitial  contents  in 
6A1-4V  Ti  only  five  rise  to  slow  crack  growth  under  static 
load  in  lab  air  at  e0  Ksi/Tn.  or  above  (Reference  10).  By 
contract  opening  mode  cracks  in  the  6Al-2Sn-4Zr-6Mo  Ti  alloy 
chemistry  metal  were  not  stable  on  fOOOl)^  in  lab  air  at  static  K 
levels  well  below  those  given  in  Table  III  for  the  initiation  of 
crack  growth  under  rising  load.  As  one  can  note,  the  TL  orienta- 
tion exhibited  extensive  crack  growth  under  this  relatively  chem- 
ically benign  condition  at  “ ****  Ks*  ^ ^ • The  LT  orienta- 

tion of  this  alloy  composition  by  comparison  exhibited  no  crack 
growth  in  500  hours  at  a somewhat  higher  level  (i.e.,  50 

Ksi/Tn.)  thu<=  demonstrating  the  important  role  played  by  a phase 
crystallography  in  this  cracking  process. 

Turning  to  the  salt  water  environment  results  enumerated  in 
Table  V,  we  observe  that  cracks  could  never  be  made  to  grow 
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parallel  to  <0001 when  loads  were  applied  pa-allel  to 

<10l0>  (i.e.,  the  I.T  orientation)  at  KT  . , , levels  as  high 

a Initial 

as  80  Ksi  /in.  in  the  case  of  6A1-4V  Ti  and  50  Ksi/Tn.  in  the 
case  of  6 A 1- 2 Sn-4 Z r -6Mo  Ti.  The  corresponding  tests  in  the  TL 
orientation  provided  results  wherein  substantial  crack  growth 
was  observed  down  to  very  low  K levels  in  some  i ises.  As  one 
also  observes  here,  in  the  TL  orientation  of  6 A 1 - 4 V Ti 

ELI  Grade  is  quite  sensitive  to  final  thermal  practice.  For  ex- 
ample, application  of  the  "Rex '1  1"  process  to  6A1-4V  Ti  results 
in  a between  20-30  Ks i /in . whereas  the  "Duplex"  anneal  ellmin 

ates  ail  sensitivity  to  salt  water  crack  growth  parallel  to  <0001*^ 
Refering  to  Table  II,  we  note  that  the  "Rex'l  I"  thermal  treatment 
differs  from  its  "Duplex"  counterpart  only  in  that  the  latter 
treatment  returns  the  r e c ry s t a 1 1 i ze d microstructure  to  1400°F  for 
1 hour  and  cools  the  one  quarter  inch  thick  metal  in  air. 

K i g cc  salt  water  in  the  TL  orientation  of  6A1-4V  Ti  also 
appears  to  depend  on  oxygen  chemistry.  One  notes  in  Table  V 
that  increasing  the  oxygen  content  of  the  basic  alloy  in  its 
furnace  cooled  condition  significantly  lowers  its  level. 

The  recrystallization  practice  applied  to  the  6Al-2Sn-4Zr-6Mo  Ti 
metal  chemistry  was  also  duplex  in  nature.  However,  as  one  can 


note  in  Table  V,  it  was  not  effective  in  preventing  "near  basal" 
cleavage  in  either  lab  air  or  salt  water  at  low  values  of  K 
(see  Figure  8)  although  the  extent  of  such  cleavage  was  con- 
siderably less  in  lab  air. 

da/dn  vs.  AK  in  Lab  Air 

In  Figures  9 - 11  we  present  fatigue  crack  growth  rate  data 
obtained  in  lab  air  for  all  three  alloy  compositions.  The  basal 
pole  X-ray  textures  and  elastic  modulus  anisotropy  associated 
with  Figures  9 and  in  are  essentially  the  same  (see  Figures  2-3 
and  Table  I).  The  basal  transverse  texture  emplaced  in  the  6A1- 
2Sn-4Zr-6Mo  Ti  was  not  as  intense  (see  Figure  4 and  Taule  I). 

At  first  glance,  one  might  be  tempted  to  conclude  that  the  lab  air 
fatigue  crack  growth  rate  behavior  of  the  lower  oxygen  grade  of 
6A1-4V  Ti  is  essentially  the  same  in  the  two  diverse  sample  orienta- 
tions, (see  Figure  9).  However,  the  results  in  Figure  9 have  been 
verified  by  repeated  testing  and  the  results  shown  here  of  the 
da/dn  data  for  the  two  orientations  crossing  one  another  at  about 
AK  of  16  Ksi  /in.  are  real.  As  one  can  note  in  this  Figure,  It 
appears  that  the  threshhold  value  of  AK  in  the  LT  orientation  is 
going  to  be  significantly  higher  than  its  TL  counterpart.  Corrobora 
tion  evidence  to  the  existence  of  the  differ  if  nee  in  crack  growth 
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behavior  at  low  K between  the  two  orientations  can  be  seen 


frac to  graph ica 1 ly  in  Figure  1?  employing  an  SEM,  In  Figures 
12(a)  and  12(b),  we  compare  f ractographic  features  for  both 
orientations  at  a common  value  of  da/dn  (7  x 10  ^ lnches/cycie)  . 

In  Figure  12(a),  the  crack  grows  predominately  in  a "near  basal" 
cleavage  mode  along  <1010>^  in  contrast  to  the  complex  path 
it  pursues  in  the  LT  orientation  (Figure  12(b)).  In  the  LT 
orientation  in  Figure  12,  there  is  substantial  evidence  of  se- 
condary shear  cracking  at  large  angles  with  respect  to  < 0 0 0 1 > ^ 
that  in  some  cases  even  approaches  <1010>  as  well  as  scattered 
observations  of  ductile  tearing.  An  attempt  was  made  to  determine 
what  fraction  if  any  of  the  f r a c t o g r a ph  i c topography  shown  in 
Figure  12(b)  was  formed  in  a striated  fashion.  No  evidence  of 
fatigue  striations  could  be  found  at  1 0 , 0 0 0 X in  that  region  of  the 
LT  sample  where  da/dn  *=  7 x 10  ^ inches/cycle  employing  the  SEM 
technique.  Switching  to  a c a r bon : c h r om i urn  replica  technique  in  an 
electron  transmission  mode  exploration  of  this  same  area  revealed 
several  grains  which  manifested  very  fine  fatigue  striations  at  a 
magnification  of  6.970X  (e.g.,  see  Figure  12(c))* 


In  Table  VI,  we  present  da/dn  data  evaluations  employing  both  a 
macroscopic  optical  crack  growth  technique  (i.e.,  that  used  to  gen- 
erate Figures  9 - 11)  as  well  as  determinations  made  via  striation 
counting  for  the  LT  orientation  of  the  6A1-4V  Ti  ELI  sample. 


*TEM  fractographic  results  In  Figure  12(c)  and  Table  VI  were  supplied 
by  Mr.  Austin  Phillips  of  S.E.A.L.,  Los  Angeles,  Ca  90066. 
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TABLE  VI 


A COMPARISON  OF  MACROSCOPIC  CRACK  GROWTH 
AND  ELECTRON  MICROSCOPIC  STRIATION 
COUNTS  FOR  THE  LT  ORIENTATION 
OF  6A1-4V  TI  ELI  GRADE 


AK  da/dn  (inches/cycle)* 


KsirfTn.  ) 

Macroscopic 

-7 

TEH 

-6 

SEM 

10.0 

7.0 

X 

10 

-6 

1.9 

x 10 

-6 

n . f . 

12.5 

2.0 

X 

10 

-6 

2.0 

x 10 

-6 

n .f . 

15.1 

4.15 

X 

10 

, -5 

4.0 

x 10 
,„-6 

n .f . 

20.0 

1.0 

X 

10 

9.0 

x 10 

n.s. 

29.7 

3 

X 

10-5 

n.s . 

4.4  x 10 

*n.f.  - not  found  at  10,OOOX;  n.s.  - not  sought 

As  one  observes  in  the  above  Table,  the  agreement  between  crack  growth 
rates  measured  macroscopically  and  by  striation  counting  agree  quite  well 
at  all  A K levels  but  the  lowest  measured  here.  In  the  case  of  AK  = lOKs  :h/in. 
striation  counting  overestimates  the  macroscopic  rate  by  a factor  of  three. 

Fractographs  taken  at  higher  AK  from  both  the  TI.  and  LT  orientations  of  the 
6A1-4V  Ti  ELI  grade  metal  are  shown  in  Figure  13.  In  both  orientations, 
crack  progression  is  predominately  by  striation  formation  although  scattered 
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evidence  of  ductile  tear  regions  can  also  be  seen  in  Figures 
13(a)  and  (b). 

In  Figure  10,  we  present  lab  air  da/dn  data  for  the  same  basal 
transverse  6A1-4V  Ti  alloy  except  in  this  case  the  metal  contains 
a higher  interstitial  content  (i.e.,  70%  more  oxygen  and  150% 
more  hydrogen,  see  Table  V).  Here  one  sees  that  interstitial 
content  plays  a strong  role  in  determining  the  crack  growth  rate 
of  the  TL  orientation  at  all  levels  of  AK.  Note  that  the  da/dn 
vs.  AK  characteristic  associated  with  the  LT  orientation  of  both 
6A1-4V  Ti  alloy  chemistries  are  identical  (compare  Figures  9 and 
10).  The  f r ac t o g r ap h i c appearance  of  the  TL  oriented  sample 
whose  data  are  presented  in  Figure  10  were  similar  to 
its  ELI  Grade  counterparts  in  Figures  12(a)  and  13(a). 

In  Figure  11,  we  present  similar  lab  air  da/dn  vs.  AK  for  basal 
transverse  textured  6Al-2Sn-4Zr-6Mo  Ti.  Interestingly  enough, 
one  finds  on  comparing  the  crack  growth  rates  of  the  LT  orienta- 
tion in  Figure  11  at  various  AK  levels  with  its  counterparts  in 
Figures  9-10  that  the  da/dn  vs.  AK  relation  is  very  similar 
to  those  we  reported  earlier  for  the  other  two  alloy  chemistries. 
It  then  appears  at  least  over  this  small  range  of  alloy  composi- 
tions, that  da/dn  variability  with  alloy  chemistry  at  constant 
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microstructure  may  well  he  associated  with  cracking  in 
the  '1010>  direction  due  to  loads  applied  along  <0001>. 

Fractographs  corresponding  to  those  in  Figure  12  at  low  A K 
for  KAl-AV  Ti  ELI  Grade  are  shown  for  6Al-2Sn-4Zr-6Mo  Ti  in 
Figure  14.  Although  the  differences  in  fractographic 
topography  generated  by  cracks  propagating  on  ( 0 0 0 1 ) ^ [Figure 
14(a)  and  (b)]  and  (1010)^ [Figure  14(c)  and  ( d ) ] are  not  as 
pronounced  as  they  are  for  the  case  of  similar  cracks  growing 
in  6A1-4V  Ti  [See  Figure  12(a)  and  12(b)]  , one  car.  still  fairly 

state  that  crack  growth  on  (0001)^  : <1010>a  is  more  planar 

and  contains  significantly  less  evidence  of  ductile  tear  than 
does  its  ( 1 0 1 0 ) ^ : < 0 0 0 1 > & counterpart  in  6Al-2Sn-4Zr-6Mo  Ti. 

It  should  be  noted,  however,  that  in  Figure  14  (c)  and  (d), 
we  observe  distinct  evidence  of  flat  areas  with  cleavage- like 
river  markings  on  them.  These  areas  must  be  oriented  parallel 
to  the  prism  plane  of  the  6Al-2Sn-4Zr-6Mo  Ti  alloy.  Thus,  cleavage 
must  also  occur  on  or  near  <1010>aunder  certain  conditions  in 
a + B Ti  alloys. 


i 

% 

\ 


da/dn  vs.  4 K in  3.5%  NaCl  in  H^O : 6A1-47  Ti 

In  Figare  J.5  we  present  fatigue  crack  growth  rate  data  for  6A1-4V  Ti 
ELI  Grade  obtained  when  the  crack  propagated  parallel  to  (0001 )Q 
(loading  direction  <0001^  ) in  3.5%  NaCl  in  H^O.  Two  load  cycling 
frequencies  were  employed  daring  oar  salt  water  tests  in  order  to  estimate 
the  magnitude  of  the  expected  frequency  shift  (References  2 and  3)  in 
this  adverse  environment.  The  •naterial  employed  nere  was  recrystallized 
after  rolling  and  furnace  cooled  (Rex'l  I,  see  Table  II).  Also  replotted 
in  Figare  15  for  reference  purposes  is  the  corresponding  lab  air  TL  data 
initially  presented  in  Figure  9.  As  one  can  note  in  Figure  15,  if  one 
compares  the  salt  water  data  obtained  at  20  cps  with  its  dry  air  counter- 
part, he  observes  a 5:1  crack  growth  rate  acceleration  at  low  iK 

(8-10  Ksi  vTn. ) in  the  aggressive  environment.  As  the  aK  rises,  the 
salt  water  acceleration  at  20  cps  decreases  until  at  25  Ksi  VTn.  it  is  less 
than  2:1.  At  very  low  UK  (5  Ksi  Vin.~  6 Ksi  Vin . ) , the  da/dn  data  observed 
at  20  cps  and  2 cps  are  identical.  As  4K  increases,  da/dn  rates  at  the 
two  test  frequencies  diverge  with  the  2 cps  data  rising  in  a step-like 
fashion  at  about  7 Ksi  VTn . and  then  decelerating  with  further  increase 
in  iK.  Although  it  is  not  as  obvious  in  Figure  15  as  it  will  be  in  sub- 
sequent Figures,  the  20  cps  salt  water  crack  growth  data  exhibits  this 
same  step-like  rise  in  da/dn  at  a similarly  low  iK  level  as  that  associated 
with  the  2 cps  data. 
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Figure  15 
Environment:  Load 
Frequency  Interactions 
on  the  FC6R  of  Cracks 
Propagating  Parallel  to 
the  Major  Concentration 
of  Basal  Planes. 
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In  Fig  ire  16,  we  present  a data  set  for  6A1-4V  Ti  Standard  Grade 
representing  a study  similar  to  that  shown  in  Figure  15  for  the  ELI 
Grade  version  of  this  alloy.  Here  again,  these  crack  rate  results  in 
air  and  salt  water  were  obtained  after  the  metal  was  recrystallized  and 
furnace  cooled  (see  Table  II  for  details).  The  gross  pattern  of  accelera- 
tion in  salt  water  as  function  of  test  frequency  is  similar  here  to  that 
shown  for  the  lower  interstitial  content  alloy  in  Figure  15.  In  Figure 
16,  it  appears  like  the  step-like  change  in  crack  growth  rate  with  frequency 
occurs  at  a lower  iK  value  in  the  20  cps  data  ( ~5  Ksi  Vxn. ) than  it  does 
in  the  2 cps  data  (—8  KsivTii.  ) . Another  comparison  of  these  data  can  be 
found  in  Figure  17.  Here  we  find  replots  of  our  20  cps  salt  water  da/dn 
data  obtained  with  both  grades  of  6A1-4V  Ti  employed  in  this  work.  As 
was  earlier  the  case  in  the  lab  air  da/dn  and  KISCC  results,  the  higher 
the  interstitial  content  of  the  6A1-4V  Ti  alloy,  the  faster  is  the 
opening  node  fatigue  crack  growth  rate  on  (00'Jl)o  in  salt  water.  For 

simplicity  of  presentation,  we  did  not  replot  our  2 cps  data  in  Figure  17. 
Inspection  of  these  data  in  Figures  15  and  16,  however,  does  indicate  the 
same  trend  with  interstitial  level  as  is  seen  in  Figure  17. 

Let  us  now  attempt  co  identify  raicrostructural  corrosion  fatigue  crack 
paths  by  simultaneously  viewing  the  fracture  faces  of  tested  corrosion 
fatigue  CT  samples  and  the  metal's  microstructure  on  a plane  at  90°  to 
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Figure  16 

EFFECT  OF  ENVIRONMENT  ON 
THE  FCGR  CRACKS  PROPAGATING 
PARALLEL  TO  THE  MAJOR  CONCENTRATION 
BASAL  PLANES 
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the  fracture  plane  in  a Scanning  Electron  Microscope  In  order  to 
perforin  this  task,  the  fracture  face  of  the  tested  CT  sample  was  pro- 
tected by  Bakelite  while  the  side  of  the  sample  was  metallographically 
polished  and  etched  (Kroll's  Etch).  The  Bakelite  was  then  removed 
mechanically  from  the  fracture  surface  and  the  entire  sample  was  cleaned 
in  ultrasonically  agitated  acetone. 

A typical  result  obtained  employing  the  above  described  technique  is 

shown  in  Figure  18.  In  this  case,  we  are  viewing  a TL  oriented  CT 
sample  fatigue  tested  in  salt  water.  The  fracture  location  shown  in 
Figure  18  corresponds  to  a iK  in  the  range  10  Ksi'Yin.  to  12  Ksi"Vin. 

The  basal  transverse  material  employed  in  producing  Figure  18  was 
6A1-4V  Ti  ELI  Grade  which  had  been  furnace  cooled  after  recrystallization. 
In  this  orientation  it  exhibited  a 500  hour  salt  water  KjSCC  of  30  Ksi 
compared  to  a value  in  excess  of  70  Ksi"'/T**  obtained  when  the  same 
material  was  tested  in  the  LT  orientation.  In  Figure  18  one  observes 
the  fracture  surface  to  consist  entirely  of  transgranular  cleavage. 

The  orientation  of  this  sample  is  such  that  we  are  applying  our  external 
load  normal  to  the  major  concentration  of  basal  planes  in  the  product. 
Thus,  it  is  not  surprising,  based  on  the  work  of  Blackburn  and  Williams 
(Reference  6),  that  one  finds  "near  basal"  cleavage  as  the  sole  primary 
alpha  phase  fracture  mode.  One  should  note  here  that  the  crack  is 
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Figure  18  - Frac tugraphy /Meta l lography  of  Basal  Transverse  Textured  6A1-4V  Ti 
ELI  Grade;  Condition  - Rex*  1 at  1700°F  Furnace  Cool;  da/dn 
Test  in  3 NaCl  in  H O at  20  cps;  Orientation  - TL; 

T_  ^ ^ 

10  Ks  i yfTn  < AK.  <12  K$iyin  ; da  ydn  ^3  x It)  inches/cycle. 
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growing  in  a strictly  transgranular  mode  in  this  equiaxed  micro- 
structure and  does  not  appear  to  be  either  impeded  or  accelerated 
as  it  crosses  a:  6 :a  grain  boundary  regions.  Although  the  crack 
growth  rate  in  Figure  18  was  high  enough  for  the  SEM  technique  to 
resolve  fatigue  striations  (see  Table  VI),  none  are  observed  when 
(00(11)  cracking  occurs  in  such  an  environmentally  accelerated 

Cl 

situation. 

In  addition  to  examining  the  fatigue  crack  growth  rate  parallel  to 

(0001)  in  salt  water  after  the  6A1-4V  Ti  ELI  Grade  metal  was  re- 
el 

crystallized  and  cooled  slowly  from  - 50°F  (i.e.,  < 100°F/hour ) , 

these  same  measurements  were  made  after  the  metal  was  placed  in  three 
additional  conditions.  The  first  of  these  additional  conditions 
involved  reheating  the  recrystallized  and  slowly  cooled  metal  to 
1400°F  holding  for  1 hour  and  then  air  cooling  the  product  to  room 
temperature  (Duplex  anneal  as  described  In  Table  II).  Following  re- 
crystallization  at  Bj  - 50°F,  a portion  of  the  basal  transverse 
textured  metal  was  air  cooled  directly  to  room  temperature  and 
tested  with  no  further  heat  treatment  (Rex'  1 TI  as  detailed  in  Table 
II).  Finally  a third  condition  resulted  when  a portion  of  Rex'  1 I 
metal  was  vacuum  annealed  at  1550°F  to  remove  hydrogen.  This  metal 
was  slowly  cooled  ( a i <100°F/hour)  to  1400  F in  vacuum.  At  this 
point  furnace  power  was  disconnected  and  the  vacuum  was  removed  by 
flooding  the  belljar  chamber  with  cold  He  gas. 

In  Table  VII,  we  present  elastic  modulus  data  as  a function  of  product 
direction  for  all  three  air  atmosphere  recrystallization  heat  treat- 


ments . 


just  described. 


TABLE  VII 

EFFECT  OF  THERMAL  PRACTICE  ON  THE  TEXTURE 
OF  6A1-4V  Ti  ELI  GRADE 


Thermal  Practice 


E 


Rolling  Direction 
(m.s.i. ) 


^Width 


Direction 


(m.s.i. ) 


EW-R 

(m.s.i.) 


(1)  Recrystallization  15.65  20.25  4.60 

+ furnace  cool  at 
<100°F/hour  (Rex'  1 I) 


(2)  (1)  + Reheat  to  15.45  20.25  4.80 

1400°F  & air  cool  at 
>2000°F/hour  (Duplex) 


(3)  (1)  + Reheat  to  14.85  18.95  4.10 

1700°F  & air  cool  at 
> 2000°F/hour  (Rex' 1 II) 


As  one  can  note  from  the  above  Table,  the  addition  of  a reheat  to  1400°F 
and  air  cool  does  not  alter  the  basal  transverse  textural  intensity  of 
the  simply  recrystallized  and  slowly  cooled  product.  It  has  been  shown 
elsewhere  (see  Part  II)  that  the  static  strength  of  the  two  products  are 
also  identical  (i.e.,  Rex' 1 I and  Duplex  annealed  metals).  By  contrast, 
the  Rex'l  II  practice  results  in  a small  but  measurable  loss  in  basal 
transverse  textural  intensity . Fatigue  crack  growth  rate  tests  in  lab 
air  were  also  conducted  for  the  Duplex  Annealed  metal  in  both  the  LT 
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and  TI.  orientations  over  the  growth  rate  range  1 x 10  - 1 x 10 

inc h e s / c y c 1 e . The  f r ae t o g r a p h i c appearance  of  those  samples  was 


also  examined.  The  results  obtained  here  were  indistinguishable 
from  the  Rex'l  I results  obtained  in  the  same  environment.  Recall 

that  the  relevant  Rex'l  I results  are  presented  in  F i g u r es  9 , 12, 

and  13. 

Figure  19  reports  on  da/dn  vs  A K results  obtained  at  test  frequencies 
of  2 cps  and  20  ops  in  salt  water  with  the  opening  mode  crack  expanding 

parallel  to  (0001)^  in  the  Duplex  Annealed  metal.  Also  plotted  in 

this  Figure  is  the  relevant  lab  air  data  for  this  orientation  (i.e., 

T L ) . Inspection  of  Figure  19  reveals  that  below  a A K of  7 Ksi  /In. 
the  lab  air  data  and  the  20  cps  salt  water  results  appear  to  be  con- 
vergent. As  the  A K rises,  to  a level  between  8 - 9 Ksi  /Tn . the  da/dn 
at  20  cps  in  salt  water  is  mildly  accelerated  in  a steplike  fashion  on 
the  order  o!  a factor  of  two  (considering  extremal  scatter  values). 

Above  a AK  of  10  Ksi  /in. , the  slope  of  the  da/dn  vs.  AK  relation  at 
20  cps  in  salt  water  decreases  with  respect  to  its  lab  air  counterpart 
and  the  two  curves  (air  and  salt  water  at  20  cps)  become  a single  valued 
relationship  above  20  Ksi /in.  By  contrast,  the  2 cps  salt  water  appears 
to  follow  its  lab  air  counterpart  below  a AK  of  12  Ksii'in.  In  the  AK 
range  13  Ksi  /in.  to  15  Ksi  /"in.,  the  2 cps  sea  water  data  rises 
steeply  ('■'-'by  a factor  of  6-7  in  rate)  with  respect  to  the  lab  air 
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Figure  19 
Environment:  Load 
Frequency  Interactions 
on  the  FCGR  ot  Cracks 
Propagating  Parallel  to 
the  Major  Concentration 
of  Ba:>al  Planes. 
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20  hz 
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3.5%  NaCl  in  H20 

20  hz 
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3.5%  NaCl  in  H,0 

2 hz 

data  shown  here.  Above  15  Ksi  /in.  it  begins  to  slow  down  again 
until  at  a AK  of  28  Ksi /in. , the  2 cps  salt  water  data  exceeds  its 
lab  air  counterpart  by  only  a factor  ci  2 1/2. 


The  effect  of  final  thermal  practice  (Rex'l  1 and  Duplex)  on  the  sea 
w a t e *•  fatigue  crack  growth  rate  of  the  6 A 1-4  V l'i  ELI  Grade  parallel 
to  (0001)^  are  compared  in  Figure  20.  in  this  Figure,  we  crossplot 
the  salt  water  da/dn  data  taken  at  2 and  20  cps  parallel  to  (0001) 

Ci 

for  both  heat  treatment  conditions.  Also  presented  here  for  refer- 
ence pul' poses  is  the  TL  lab  air  data  drawn  as  a solid  line.  Just  as 
was  the  case  earlier  in  our  sea  water  KjSCC  measurements  (see  Table  V) 
air  cooling  the  r e c r y s t a 1 1 i z ed  product  after  stabilization  at  1400°F 
has  a profound  effect  on  the  metals  corrosion  fatigue  crack  growth 

propensity  parallel  to  (0001)  . in  Table  VIII,  we  summarize  this 

a 

point  by  comparing  the  A K love]  associated  with  a steplike  rise  in 
da/dn  as  a function  of  test  frequency  and  heat  treatment  condition, 
Also  listed  in  this  Table  is  the  associated  magnitude  of  the  steplike 
rise  in  da/dn  rate. 

TABLE  VIII 

EFFECT  OF  THERMAL  PRACTICE  ON  THE  CORROSION 
FATIGUE  OF  6A1-4V  Ti  El.I  GRADE 


Thermal  Practice 
Rex  1 1 

Duplex 


Test  Frequency 

20 

2 


step 

-»  7 

- 8 


20 

? 


7 -»  9 
13  - 15 


da/dn  Step  Factor* 

>4  1/2 
> 6 

V 2 ' ! 4 
4 


‘ratio  of  da/dn  at  the  highest  A K In  the  step  to  the  da/dn  at  the 
lowest  A K in  the  step. 
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Figure  20 

EFFECT  OF  THERMAL  PROCESSING 
ON  ENVIRONMENTALLY  ACCELERATED 
FCGR  PROPAGATING  PARALLEL  TO 
THE  MAJOR  CONCENTRATION 
OF  BASAL  PLANES 
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As  one  can  note  in  Table  VIII,  the  steplike  rise  in  da/dn  rate  on 


(0001)  in  sea  water  ol  m r 5 at  a lower  A K level  the  higher  the  test 
a 

frequency.  This  is  the  case  in  both  heat  treatment  states.  Moreover, 
le  Duplex  treatment  causes  the  magnitude  of  the  da/dn  rise  during  the 
step  to  be  significantly  smaller  and  the  step  to  occur  at  a higher 
AK  level  when  it  Is  compared  to  its  Rex'l  I counterpart  at  either 
test  frequency.  The  da/dn  step  factors  in  the  case  of  Rex'l  metal 
are  quoted  in  Lotus  of  "greater  than"  a given  number  since  our  da/dn 
versus  A K measurements  did  not  extend  to  a low  enough  value  of  A K 
to  insure  that  we  have  observed  the  full  extent  of  the  steplike  rise. 

In  order  to  ascertain  whether  air  cooling  from  temperatures  higher 
than  1 4 00°F  would  further  improve  sea  water  fatigue  growth  resistance 
on  ( 000 1 ) q , samples  were  air  cooled  directly  from  their  recrystal- 
lization temperature  (Rex'l  II).  In  this  situation  d a / •..  . observations 
were  restricted  to  2 0 cps  in  3 . NaCl  in  H^O.  Results  obt;.  ..ied 
here  were  similar  to  those  shown  in  Figure  19  for  the  Duplex  annealed 

metal.  Thus  s c a h 1 1 i z a t i on  at  temperatures  in  excess  of  1400°^  ^>Lir 
less  than  'he  alloy's  beta  transus  provided  no  additional  improvement 

in  stress  corrosion  resistance. 
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A final  attempt  was  made  to  lower  the  residual  salt  water  acceka- 
tion  associated  with  crack  propagation  on  (0001)  in  the  6 A 1 - 4 V Ti 

Q 

O 

ELI  Grade.  In  this  case  the  metal  was  vacuum  annealed  at  1550  F 
and  its  interna)  hydrogen  content  was  reduced  from  20  ppm  to  8 ppm. 
As  noted  above,  it  was  slowly  cooled  to  1400°F  following  which  it 
was  cooled  by  flooding  the  baffled  vacuum  chamber / furnac e arrange- 
ment with  cold  He  gas.  In  Figure  21,  we  present  the  results  of  a 
fatigue  crack  growth  rate  experiment  in  salt  water  wherein  the 
opening  mode  crack  was  expanding  on  (0001)  in  the  8ppm  hydrogen 
containing  material.  As  one  can  note  here,  removal  of  hydrogen 
at  first  glance  appears  to  have  a deleterious  effect  on  the  metal's 
resistance  to  fatigue  crack  growth  in  3.5%  N a C 1 in  H^O.  However, 
we  know  from  Figure  20  that  corrosion  fatigue  crack  growth  on 
(0001)  is  a strong  function  of  the  rate  at  which  the  metal  cools 

Ci 

from  1 4 0 0 ° F . Captured  as  i ; was  within  the  baffled  vacuum  chamber/ 
furnace  arrangement,  the  helium  cooled  specimen  probably  chilled 
at  lesser  rate  than  its  air  cooled  counterparts.  Thus,  the  dif- 
ference in  rates  noted  in  Figure  21  for  the  two  hydrogen  content 
samples  probably  relate  to  the  experimental  difficulty  of  chilling 
the  semi-encapsulated  sample  rather  than  to  any  inate  difference 
between  the  two  samples  shown  in  Figure  21. 

Let  us  now  turn  our  attention  to  the  interrelation  between  the 
f ‘•Ac  t ogr  aph  i c appearance  of  the  duplex  annealed  d a / d n samples  run 
in  sea  water  /it  f>  ops  (with  an  opening  mode  crack  expanding  on 
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Figure  21 

Effect  of  Dissolved 
Hydrogen  on  the  FCGR 
of  Basal  Transverse 
Textured  6A1-4V  Ti 
ELI  Grade  in  3.5% 
NaCl  in  H,0 


a K (Ksi  ■/  in.) 


(0001  ) ) and  their  underlying  mlcrostructure  as  a function  of  ilK 

a 

(see  Figure  22).  Ftactographlcslly,  the  results  shown  in  Figure  22 
are  indistinguishable  from  those  shown  in  Figure  18  for  the  much 
faster  growth  rate,  Rex'  1 I material.  In  other  words,  corrosion 
fatigue  crack  growth  in  both  mateiral  conditions  occurs  (000 1 ) ^ 
via  t r ans granu la r cleavage  and  there  is  no  evidence  on  the  fracture 
faces  themselves  of  the  a : 8 : ti  grain  boundary  region  cracking  by 
some  other  mode  or  acting  in  some  manner  to  accelerate  crack  growth 
rates  in  the  Rex'l  I metal  or  retard  it  in  the  duplex  annealed 
material.  Moreover,  no  evidence  of  fatigue  crack  growth  via  stria- 
tion  formation  can  be  seen  even  when  the  growth  rate  intervals  were 
on  the  order  of  1.5  x 10  inches / cycle  in  Figure  22.  Metallograph- 
ically  one  difference  that  can  be  seen  between  the  Rex'l  I and  duplex 
annealed  TL  samples  relates  to  the  relative  etching  rates  of  the 
primary  alpha  vs  prior  beta  grain  regions.  In  Figure  18  the  prior 
beta  grains  etched  at  a slower  rate  than  the  primary  alpha  grains 
whereas  these  phase  related  etching  rates  were  reversed  in  the 
Figure  22  duplex  annealed  samples.  Both  samples  were  etched  identi- 
cally employing  Kroll's  etch.  Thus  the  different  phasfl  etch  rates 
may  relate  to  real  chemical  composition  differences  caused  by  the 
different  heat  treatments  applied  to  the  two  samples. 

In  addition  to  examining  the  propagation  of  opening  mode  fatigue 

cracks  on  (0001)  In  both  grades  of  6A1-4V  Ti  in  salt  water,  similar 

a 

tests  were  also  conducted  when  the  nominal  opening  mode  fatigue  growth 
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T ' plane  was  (1010)  (l.e.,  the  LT  orientation).  Here  again  informa- 
tion was  sought  as  a function  of  material  condition  in  the  case 
of  the  ELI  Grade.  The  conditions  examined  were  Rex’l  I,  Duplex 
and  Rex1 1 1 + vacuum  anneal  + helium  cool  in  the  case  of  ELI 
Grade  and  Rex’l  in  the  case  of  the  Standard  Grade  metal. 

In  the  Rex'  1 condition,  it  was  virtually  not  possible  to  observe 
fatigue  crack  advance  on  the  (1010)  plane  in  the  6 A i - 4 V T i ELI 
Grade  metal  even  when  the  applied  AK  on  such  an  opening  mode 
crack  was  as  low  as  6.8  Ksi  (in . At  AK  values  above  this  level 
on  two  occasions  in  3.6%  NaCl  in  H^O  the  crack  in  the  comnact 
tension  sample  turned  ninety  degrees  and  propagated  parallel  to 
the  load  line  on  (0001)  . One  valid  measurement  crack  growth 

Gl 

rate  measurement  was  made  on  each  occasion  prior  to  the  crack 
deviating  from  (LOIO)  . At  a AK  = 6.5  Ksi  /in.,  the  da/dn  rate 

Cl 

in  3.5%  NaCl  in  H^O  was  2.0  x 10  7 inches/cycle  (R  = 0.1,  v = 20  cps) 
Not  surprisingly,  the  same  problem  of  sever.'  crack  path  deviation 
arose  immediately  on  immersion  in  salt  water  when  an  attempt  was 
made  to  propagate  an  opening  mode  fatigue  crack  along  (1010)  in  the 
Standard  Grade  6A1-4V  Ti  metal.  In  this  case  no  measurements  at 
al)  were  possible  along  ( 1 OlO ) ^ even  aL  a AK  = 5 Ksi /in  . 

Once  the  ELI  Grade  6A1-4V  Ti  material  was  duplex  annealed  fatigue 
crack  growth  measurements  in  salt  water  along  (1010)  were  possible 


(set-  Figure  23).  The  results  shown  in  Figure  23  represent  a 

•compilation  of  results  from  several  samples.  Moreover,  the  severe 

crack  path  deviation  problem  in  salt  water  experienced  with  the 

Rex'l  I metal  was  never  encountered  with  the  LT  orientation  of 

the  duplex  annealed  metal.  The  relationship  between  fatigue 

crack  growth  rate  and  AK  on  ( 1010 ) ^ in  salt  water  differs  in 

several  respects  from  that  observed  on  (0001)  in  salt  water  after 

a 

duplex  annealing  (compare  Figures  19  and  23).  For  example,  there 


is  no  marked  steplike  change  In  da/dn  vs  AK  on  (1010)  at  20  cps 
In  salt  water.  Over  the  da/dn  range  investigated,  the  20  cps  salt 


witer  crack  growth  data  appear  to  be  simply  displaced  from  their 
lab  air  counterparts  by  ~ 2 Ksi/in.  over  the  entire  AK  range.  On 
the  other  hand,  the  2 cps  salt  water  growth  data  on  (1010)^  at  low 
AK  behaves  in  a fashion  similar  tn  that  observed  for  low  cyclic 
frequency  growth  data  on  (0001)^.  Below  a AK  of  16  Ksi/in.  at  2 cps, 
the  salt  water  growth  data  and  lab  air  data  on  (1010)a  are  co- 
incident. Above  this  value,  da/dn  in  3.5%  NaCl  in  II Increases 
more  rapidly  than  does  its  lab  air  counterpart.  On  an  absolute 
comparison  basis  of  any  AK  aaove  lb  Ksi/in.  salt  water  fatigue 
crack  growth  proceeds  at  a much  loss  accelerated  rate  on  (1010)^ 
at  2cps  than  it  does  on  (0001)^  (at  20  Ksi/in.,  crack  growth  on 
( 1 0 1 0 ) is  2.5  x faster  in  salt  water  than  lab  air  as  compared  to 
a A .<  faster  rate  experienced  on  (0001  )f  in  a similar  situation  in 
the  duplex  annealed  material).  Finally  there  is  some  preliminary 


evidence  that  the  low  AK  salt  water  acceleration  experienced  at  20  cps 
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on  (1010)^  is  independent  of  whether  the  metal  is  in  the  Rex'l  I 
condition  or  duplex  annealed  state.  Recall,  we  obtained  one  valid 
crack  growth  rate  data  point  of  2 x 10  7 inches /cycle  at  6.5  Ksi/in. 
in  the  Rex'l  I metal  prior  to  the  crack  deviating  badly  from  (1010)  . 

Cl 

Plotting  this  point  on  Figure  23  shows  that  its  value  is  right  In 

line  with  the  low  A K 20  cps  salt  water  data  we  observed  after  duplex 

annealing.  By  comparison  the  low  da/dn  20  cps  salt  water  growth 

data  for  the  Rex'l  I metal  on  (0001)  are  3-4  Ksi/in.  lower  at 

a 

a da/dn  level  of  8 x 10  7 inches/cycle  than  their  duplex  annealed 
c o un  terparts. 

An  effort  was  also  made  to  assess  the  alteration  in  sea  water  induced 
crack  growth  rate  acceleration  on  (1010)^  associated  with  a di- 
munition  in  the  internal  hydrogen  content  of  the  6A1-4V  Ti  ELI 
Grade  metal.  The  dehvdriding  procedure  here  was  the  same  as  that 
described  earlier  for  our  ( 000 1 ) ^ opening  mode  crack  growth  samples. 
The  results  of  this  effort  are  presented  in  Figure  24.  Here  again, 
reducing  the  hydrogen  content  of  the  metal  from  20  ppm  hydrogen 
to  8 ppm  hydrogen  had  no  effect  on  our  salt  water  da/dn  results 
on  ( 1010 ) ^ over  the  entire  range  of  AK  employed  in  this  work. 

Recognizing  that  the  presence  of  3.5%  NaCl  in  H ,,  0 had  produced  a 
relatively  small  but  distinct  acceleration  of  fatigue  crack  growth 
rate  on  (1010)  , a ine  t a 1 logr  a ph  i c / f r a c t ogr  a ph  i c investigation  was 
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performed  to  identify  whether  or  not  a distinct  change  in  fracture 
mode  could  be  associated  with  this  sea  water  acceleration.  As  one 
can  note  by  comparing  Figure  23  and  Figure  12,  the  f r a c t o g r aph i c 
appearance  of  opening  mode  fatigue  crack  growth  on  (1010)^  in  salt 
water  and  lab  air  are  distinctly  different  at  low  AK.  In  lab  air, 
the  fracture  surface  associated  with  propagation  on  ( 1 01  0 ) ^ was  a 
complex  mixture  of  striations,  secondary  shear  cracking  and  ductile 
tear.  T n e presence  of  salt  water  during  fatigue  cracking  on  (1010) 
eliminated  all  evidence  of  ductile  tear  and  secondary  shear.  The 
fracture  face  in  Figure  25  appears  as  a series  of  cleavage-like 
tire  tracks  on  ( 1 0 I 0 ) . These  are  infrequently  interrupted  by 

cleavage-like  cracking  on  ( 0 0 0 1 ) ^ as  in  Figure  25(a)  and  (b).  The 
depth  of  the  (0001)^  cleavage  cracks  are  quite  small  compared  to 
their  length  normal  to  <0001>  . Interestingly  enough,  although 

Cl 

these  sha How , depth  (0001)^  cracks  occur  from  time  to  time,  they  do 
not  appear  to  limit  the  length  of  a (10l0)a  cleavage  crack  or  tire 
track  in  that  the  same  track  appears  on  both  sides  of  the  (0001) 

a 

crack  normal  to  (1010)^  . In  some  instances,  the  (0001) q cleavage 

side  cracking  was  associated  with  the  primary  ot : Widmanstut  ten 

a + fi  interface,  in  others,  this  cracking  occurred  in  the  center  of 

a primary  a grain  (see  Figure  25(b)).  The  length  of  the  tire  track 

like  (1010)  cleavage  r a c *"■  is  considerably  greater  than  the 
a 

comparable  primary  a grain  atmension  (see  Figure  25(a)).  Based  on 
the  metallography  shown  in  Figures  22  and  25,  one  can  conclude  that 
the  6 A 1 - 4 V Ti  Ell  O r a d e metal  possesses  an  equiaxed  primary  a grain 


size  of  u 1 2 . Thus  the  width  of  these  tire  tracks  are  consider- 
ably smaller  than  the  relevant  primary  a dimension  as  well. 


Above  a AK  of  20  Ksi/~  in.,  the  salt  water  crack  growth  data  on 
(1010)^  closely  approaches  its  lab  air  counterpart  in  Figure  23. 
Under  such  conditions  of  high  AK  in  salt  water,  one  finds 
striated  growth  on  ( 1 0 1 0 T ^ (see  Figure  26)  that  is  indistinguishable 
from  that  shown  in  Figure  13(b)  for  similar  crack  growth  in  lab  air. 
Striation  spacing  in  Figure  26  is  on  the  order  of  5 x 10  5 inches 
which  agrees  well  with  our  Figure  23  20  cps  salt  water  result  of 
4.2  x 10  ^ inches/cycle  at  25  Ksi  /in. 


In  Figure  27,  we  present  salt  water  fatigue  crack  growth  rate 
results  for  an  opening  mode  crack  propagating  .•>  n (0  001)  in  6Al-2Sn- 

Cl 

4Zr-6Mo  Ti  (Condition  - Rex'l,  see  Table  IT  for  details)  as  a 
function  of  cyclic  loading  frequency.  The  test  frequency  dependence 
of  the  results  we  obtained  here  is  similar  to  that  reported  earlier 
for  cracks  propagating  on  ( 0 0 0 1 ) ^ in  6A1-4V  Ti.  Here  again,  a 
steplike  rise  in  salt  water  growth  rate  with  AK  occurs  between  6 - 7 
Ksi tin.  in  the  case  of  the  20  cps  test  data.  In  the  case  of  the 
2 cps  salt  water  data,  this  same  step  occurs  at  a somewhat  higher 
AK  level  (7  - 8 Ksi A in.).  Once  more  the  absolute  magnitude  of  this 
steplike  change  in  terms  of  da/dn  alteration  is  greater  in  the  case 


of  the  2 cps  data.  As  before,  salt  water  test  data  taken  at  both 
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tost  frequencies  approaches  that  observed  in  lab  air  at  low  ‘K. 

Finally  the  magnitude  of  the  sea  water  a , c I e r a t i <>  n in  f , <■  . , . 
experienced  by  6A1  - 2 Sn  - a 7,  r - 6 Mo  li  or.  (0001  ) at  both  tesr  1 ,.•<  ...  , , .. 
is  very  similar  to  that  given  in  Figure  15  (Material:  6A1--4V  i i 1!.! 

Grade  in  R e x ' 1 I condition). 

An  attempt  was  also  made  to  measure  the  f.c.p.r.  associated  with 
opening  mode  crack  propagation  on  (1010)  in  salt  water  f < ■ r h .\  1 - 

■ t 

- S n — 4 7.  r - 6 Mo  T i in  Rex'  1 condition.  Once  again,  as  was  the  <•  a s t* 

earlier  with  the  Rex  * l 1 condition  of  6A1-4V  li,  it  was  net  puss  > !.  I ... 

to  attain  a very  high,  value  of  K without  the  track  path  dcvi.it  in:; 

ninety  degrees  to  grow  along  (000)  ) jn  salt  water.  Those  r-s.i  i t >• 

■i 

we  obtained  prior  to  joy  .significant  , got  k path  deviation  i r,.a  t 1 ; M : i t 
are  shown  in  figure-  2d.  At  low1  K , the  t r e a d noted  earlier  for  ( ; n 1 . j 
salt  water  crack  propagation  In  Rex’]  I 6A1-4V  '1  i FI. I Grade  is 
affirmed  here  in  that  d a / d n i n lab  air  and  salt  wa  t " r appear  to 
merge  in  the  8 - 10  Ksi  .In.  ,\K  range. 
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Figure  28 

Mat’l:  6Al-2Sn-4Zr-6Mo  Ti 
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DISCUSSION'  OF  RES  ULTS 

Several  matters  elucidated  through  our  results  require  further 

discussion.  These  are: 

the  relationship,  if  any  between  plane  strain 
and  mixed  mode  fracture  toughness  properties 
of  titanium  alloys  as  they  are  altered  by  metal- 
lurgical changes  (alloy  content,  crystallographic 
orientation,  etc.) 

the c r v s t a 1 1 og r aph  i c dependence  of  fatigue  crack 
growth  rates  in  lab  air  and  its  interrelation 
to  alloy  chemistry. 

the  strong  interaction  between  opening  mode  crack 
growth  on  (0001)  in  salt  water  and  final  thermal 

Cl 

practice  in  6 A 1 - 4 V Ti  ELI  Grade. 

It  is  widely  accented  in  titanium  alloy  metallurgy  that  if  one 
appreciably  raises  the  oxygen  level  of  an  alloy  such  as  6 A 1-4 V Ti 
(c.g.,  from  say  0.095  w t % to  0.162  wt*)  under  conditions  of 
constant  microstructure  its  plane  strain  fracture  toughness  will 
significantly  decrease.  For  example,  Harrigan  et  a 1 (Reference 
5)  showed  the  plane  strain  fracture  toughness  of  equinxed  and  re- 
crvstal  li zed  rolled  6 A i - 4 V Ti  products  to  decrease  by  50%  when 
the  oxygen  Jrvcl  of  this  basic  alloy  was  raised  from  0.12  w t % to 
0.16  wt%  in  materials  whose  basal  polo  distributions  were  random. 
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Another  generally  accepted  idea  is  that:  the  plain  strain 

fracture  toughness  of  the  6Al-2Sn-4Z r-6Mo  Ti  alloy  is  sig- 
nificantly inferior  to  that  of  the  6 A 1-4  V T j alloy  when  both 
art  compared  possessing  similar  micro structures.  Specific 
documentation  for  this  general  principle  can  be  found  by  com- 
paring the  results  of  Harrigan  et  al.  (Reference  5)  in  6 A 1 - 4 V Ti 
with  those  of  Hall  et  al  (Reference  11)  for  6Al-2Sn-4Zr-6Mo  Ti. 

Our  current  fracture  toughness  results  expressed  in  terms  of 
R-curves  for  slow  stable  tear  under  a mixed  mode  loading  cond- 
ition (i.e.,  a mixture  of  plane  stress  and  strain  states  due 
to  our  sample  geometry)  are  not  wholly  in  keeping  with  the  plane 
strain  fracture  toughness  trends  just  reviewed.  For  example, 
slow  stable  tear  in  6 A 1-4 V Ti  under  mixed  mode  loading  (see 
Figures  5 - 6 or  Tables  III  and  IV)  is  not  sensitive  to  oxygen 
level  in  e it  tier  test  orientation.  This  appears  to  be  true  for 
both  the  K to  initiate  slow  stable  tear  (Table  IV)  and  the  maximum 
K associated  with  this  mode  of  tearing  If  one  compares  the 
initial  slow  .stable  tear  resistance  of  6A1-4V  Ti  and  6Al-2Sn-4Zr- 

6 M o Ti  in  Table  III,  one  finds  that  in  accord  with  the  plane 

, . . , , . ..initial, 

strain  fracture  experience  reviewed  earlier  K for  the  latter 

alloy  composition  is  appreciably  lower  than  for  the  former.  How- 
ever. this  accord  with  plane  strain  fracture  behavior  breaks  down 
again  in  Table  IV  when  results  for  the  two  major  alloy  compositions 
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are  compared  in  terms  of  the  maximum  value  of  K for  slow 
stable  tear  in  each  material. 


The  primary  difference  in  stress  state  between  plane  strain  and 
plane  stress  in  a purely  elastic  material  is  the  absence  of  a 
hydrostatic  tension  component  in  the  latter  case.  Recall  that  in 
the  case  of  plane  strain  (assuming  Hookes  law) 

a = (a  + a ) 
z z xx  y y 

of  a is  on  the  order  of  2/3's  of  o and o in  plane  strain, 
zz  x x y y 

Based  on  our  current  data,  it  appears  that  increasing  the  inter- 
stitial content  of  6 A 1 - 4 V Ti  does  not  significantly  reduce  the 
metal's  fracture  toughness  when  the  hydrostatic  tension  component 
of  the  elastic  stress  field  surrounding  the  crack  tip  is  small. 

As  loads  are  applied  to  a crack  in  a metal,  a plastic  zone  develops 
about  the  crack  tip.  At  the  onset  of  slow  stable  tear  in  a mixed 
mode  increasing  K situation,  the  crack  advances,  the  plastic  zone 
sho  increases  and  metal  in  the  wake  of  the  crack  which  was  formerly 
plastic  umoads.  The  first  twc  procedures  subtract  energy  from 


the  applied  strain  field  while  the  third  event  returns  energy  to 
the  system.  The  mixed  mode  tear  resistance  in  terms  of  K increases 
at  first  and  then  approaches  an  asymptotic  value  or  steady  state 


based  on  an  energy  balance  of  contributors  and  users.  Thus,  the 


high  level  of  asymptotic  tear  resistance  noted  for  6Al-2Sn-4?.  r-f>Mo  Ti 
reflects  an  increasing  proportion  of  the  total  system  energy  being 
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do  vo  tod  to  plastic  do  form.it  ion  .1 b o a d of  the  crack  as  K rises. 

This  concept  is  supportable  based  on  the  relatively  lov  K values 
for  the  onset  of  stable  tear  in  h A 1 - 2 S n - 4 ?,  r - 6 Mo  Ti  Irrespective 
of  orientation  noted  above  (Table  III),  and  the  lab  air  results 
in  Figure  8 . In  Figure  8(a)  and  ( b ) , one  notes  that  c r a c k growth 


on  (0001)  a; 

a 

) p e a r s to  result 
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growth  could  he  induced  or  (1010)  in  a similar  test  at  5 U Ksifin  . 
(see  Table  V). 

The  R-curve  results  obtained  in  this  work  may  have  significance 
well  beyond  their  vaiue  in  reporting  on  the  orientation  dependence 
of  fracture  toughness  in  Ti  pseudo  single  crystal  alloys.  Mat- 
erial selection,  processing, and  control  for  aerospace  hardware 
designs  arc  dictated  in  part  by  our  knowledge  of  the  variation 
of  with  alloy  content  and  chermo mechanical  processing.  If 

the  design  is  such  that  fracture  can  be  expected  to  occur  in  a 
plane  strain  mode,  then  choosing  materials  and  processes  to  op- 
timize K is  quite  reasonable.  If,  however,  structural  arrange- 
ments are  such  that  fracture  occurs  in  a mixed  mode  situation, 
it  is  no  longer  clear  that  this  approach  is  reasonable.  For 
example,  mariv  aerospace  designs  employing  6A1-4V  Ti  call  out  the 
use  of  KI.I  Grade  chemistry  in  fracture  critical  areas  in  order 
to  provide  far  maximum  plant  strain  toughness  even  though  this 
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call  out  requires  the  user  to  pay  a penalty  in  static  tensile 
properties  with  respect  to  employment  of  the  Standard  Crude  of 
this  alloy.  Since  loss  of  static  tensile  properties  generally 
results  in  heavier  components,  the  penalty  for  the  use  of  K ^ ^ in 
the  design  selection  process  for  structures  that  will  fail  in  a 
mixed  mode  becomes  verv  real.  Certainly,  this  is  a subject  that 
is  going  to  re Quire  more  effort  and  attention  in  the  future. 

Current  results  indicate  that  opening  mode  fatigue  crack  growth 
rates  in  lab  air  on  (1010)  in  6A1-4Y  Ti  are  independent  of  inter- 

a 

stitial  content  in  the  A K range  10  Ksi  >in.  to  50  Ksi  fin.  More- 
over, lab  air  fatigue  crack  growth  rates  on  (1010)  in  6Al-2Sn-4Zr- 
6Mo  Ti  <ite  similar  enough  at  any  given  A K to  tneir  counterparts 
in  6 A 1-4 V Ti  to  suggest  that  such  crack  grov: i on  (1010)  may  also 
be  independent  of  alloy  chemistry  over  tne  entire  alloy  range  in- 
vestigated here  (see  Figure  29).  This  conclusion  is  also  in  concert 
with  the  f r a c t ogr a ph i c morphology  shown  in  Figures  12  - 14  for 
lab  air  prism  plane  cracking  in  these  metals. 

By  contrast  with  prism  plane  fatigue  cracking,  opening  mode  fatigue 
crack  propagation  in  lab  air  on  (0001)  is  significantly  different 
for  the  three  alloy  compositions  investigated  here  (see  Figure  30). 
One  notes  here  that  increasing  the  interstitial  content  of  r>Al-4V  Ti 
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I' reduces  a significant  increase  in  da/dn  at  all  values  of  AK  on 
the  basal  plane.  Also  plotted  here  is  the  da/dn  vs.  AK  relation 
developed  in  lab  air  for  basal  cracking  in  6Al-2Sn-4Zr-6Mo  Ti 
which  appears  to  develop  basal  plane  crack  growth  rates  which 
fall  in  between  those  associated  with  the  two  grades  of  6 A 1-4 V Ti. 

It  is  tempting  to  assign  the  differences  noted  in  Figure  30  to 
differences  in  alloy  chemical  composition.  Support  for  a con- 
clusion that  the  basal  plane  crack  growth  data  spread  in  Figure  30 
actually  arises  due  to  alloy  chemistry  differences  can  be  found  in 
our  observations  in  Figures  12  and  14  wherein  one  notes  that 
fractographically  these  diverse  alley  compositions  produce  identical 
results.  A common  feature  shared  by  the  6A1-4V  Ti  Standard  Grade 
and  the  6Al-2Sn-4Zr-6Mo  Ti  metals  is  that  both  materials  have  a 
higher  content  of  alloy  stabilizers  dissolved  In  their  respective 
alpha  phases  than  do  the  ELI  Grade  Ti  6A1-4V  alloy. 

Macroscopic  Alloy  Approximate  Alloy  Chemistry 

Chemistry  of  Alpha  Phase 

(after  a furnace  cool  from 

1 7 00°F ) 

6A1-4V  Ti  ELI  Grade  6.6Z  A1  + 0.107.  0 

6 A 1 - 4 V Ti  Standard  Grade  6.6%  A1  + 0.175%  0 

6Al-2Sn-4Zr-6Mo  Ti  7.0%  A1  + 2.3%  Sn  •+  0.14%  0 

In  this  regard  him,  McMahon,  Pope  and  Williams  (Reference  12) 

have  shown  that  the  addition  of  oxygen  to  an.  8%  by  wt  Al-Ti  binary 
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increases  rtii'  rhi'rnnl  stability  of  the  i ong  r a n g o ordered  phase, 

Ti  A1  . Mo  reeve  r , Wo  1 sell  ct  al  (He  f ere  net.*  ) 3 ) have-  observed  1 i i;e  1 y 
dispersed  a.,  (Ti  Al)  in  a (>A1  - 4 V li  alloy  contain  i ng  0.2  w t ■'  ox  v pen 
after  the-  metal  was  solution  annealed  at  1750°F  and  aged  at  1 02  5°F 
for  several  hours.  Working  with  metal  taken  from  the  broken 
compact  tension  samples  we  used  to  generate  Figure  30,  S.  Fujishiro 
(Reference  14)  has  examined  all  the  three  alloy  materials  employed 
in  this  research  effort  for  evidence  of  super  lattice  reflections 
employing  a standard  thin  film  T E M technique.  His  work  was  to  no 
avail  in  that  he  could  not  find  any  evidence  of  such  long  range 
ordered  regions  in  any  of  the  three  Rex'l  alloy  compositions 
employed  here.  It  is,  however  quite  r?as  enable  to  assert  that 
the  more  closely  a given  alloy  phase  chemistry  approaches  that  assoc 
iated  with  long  range  order,  the  more  intense  precursor  short 
range  ordering  becomes  (References  15  and  lb).  This  is  especially 
true  since  our  metal  samples  have  been  slowly  moled  t at  less 
than  100°F/hour)  through  the  temperature  range  (1A00°F  -*  70°F) 
where  long  range  order  would  have  been  introduced  had  our  metal 
chemistries  been  slightly  richer  in  alpha  stabilizers.  Invoking 
the  concept  of  the  short  range  ordering  (sro)  of  alpha  sta- 
bilizing constituents,  or. e then  can  prognosticate  that  the  degree 
of  sro  would  be  higher  in  the  6A1-AV  Ti  Standard  Grade  and 
6Al-2Sn-4Zr-6Mo  Ti  compositions  than  it  was  in  the  fiAl-AV  Ti  EM 
Grade.  Since  deformation  occurs  with  less  work  hardening  and 
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becomes  more  planar  in  ordered  structures,  one  could  forecast 
the  fat'  ue  crack  growth  rates  to  be  faster  at  any  given  AK  in 
>1)0  more  ordered  structure. 

The  results  in  Figure  30  were  obtained  after  each  of  the  6 A 1 - 4 V Ti 
alloy  compositions  were  cooled  at  less  t.ian  100°F/hour  to  room 
temperature  from  their  rec  rystall  iza t irn  temperatures  (B  - 5 0 ° F ) . 
Thus,  each  of  these  compositions  should  possess  a substantially 
higher  degree  of  sro  than  would  say  a similar  material  which  was 
duplex  annealed.  If  sro  is  playing  a role  in  the  growth  rate 
stacking  shown  in  Figure  30,  one  expects  duplex  annealing  should 
decrease  da/dn  on  (0001)  : < 1 0 1 0 > during  a lab  air  test.  However, 

we  nave  already  reported  that  Kex'l  1 and  Duplex  annealed  versions 
of  our  6 A 1 - 4 V Ti  F.LI  Grade  metal  produced  the  same  da/dn  versus  A K 
relation  on  ( 0 0 C 1 ) ^ : < i 0 1 0 > in  lab  air.  Unfortunately,  we  die  not 

duplex  anneal  the  6 A 1 - 4 V Ti  Standard  Grade  and  repeat  this 
critical  test.  There  are  three  possible  reasons  why  cur  data 
comparison  for  Duplex  annealed  and  Rex'l  processed  6A1-4V  Ti  F.LI 
Grade  showed  no  positive  evidence  with  respect  to  the  impoitance 
of  sro.  Firstly,  sro  is  simply  not  an  important  causative  factor 
in  generating  the  da/dn  stacking  in  Figure  30.  Secondly,  the 
maximum  degree  of  sro  possible  in  the  opeciflc  composition  we 
are  dealing  with  in  the  F. LI  Grade  alloy  is  small  (6.0  wtZ  Al, 

0.095  w t Z 0).  Thirdly,  sro  alone  is  not  responsible  for  the  da/dn 


acceleration  note!  in  Figure  TO  but  Its  presence  combined  with 
another  metallurgical  factor  are  demanded  in  order  that  t h J s 
acceleration  occur.  Some  recent  results  of  Lewis  et  al  (Ref ercn^e 
17)  suggest  evidence  that  one  good  reason  for  the  ELI 

Crade  da  / (in  rates  not  showing  a strong  sensitivity  to  final 
thermal  processing  is  that  the  degree  of  sro  is  not  very  large 
in  this  specific  alloy  composition  in  either  heat  treatment  con- 
dition, Working  with  6 A 1 - 4 V Ti  allov  plate  -intaining  6.5  ut7 
aluminum  and  0,2  w 1 7.  oxygen,  they  measured  da/dn  vs.  AK  relations 
for  T L oriented  samples  in  lab  air  as  a function  of  heat  treatment. 
These  samples  were  recrystallized  at  1 7 7 5°F  and  then  cooled  at  less 

than  100°F  per  hour  to  below  9 0 0 ° F . A portion  of  these  samples 

c 

were  reheated  to  1950  F,  stabilized  and  air  cooled , Tf  one  com- 
pares da/dn  results  at  a AK  of  19  Ksi  >'in.  for  the  material  which 
was  simply  furnace  cooled  versus  its  duplex  counterparts,  he  finds 
the  furnace  cooled  metal  cracking  at  a 10  times  faster  rate  in  lab 
air  (2  x 10  inches/cycle  versus  2 x 10  ^ inches/cvcle,  respectively) 
for  the  test  conditions  R = 0.1  and  v = 20  cps.  Although  the  basal 
pole  texture  of  this  material  is  not  reported,  these  authors 
present  f rac t n graphs  taken  from  the  da/dn  samples  in  both  heat 
treatment  conditions  at  AK  = 14  Ksi  /Tn . Both  heat  treatment 
conditions  show  very  extensive  cleavage  faceting  reminiscent  of 
the  current  results  in  Figures  i2  and  14  for  "near  basal"  cleavage. 

It  is  not  unreasonable,  therefore,  tn  assume  that  the  metal  in  the 
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Lewis  et  al  study  probably  was  heavily  basal  transverse  textured. 

Testing  the  TI,  orientation  is  thus  equivalent  to  testing  (0001)  : 

a 

< 1 0 1 0 > a . In  the  case  of  the  Lewis  et  al  study  the  extreme  da/dn 

sensitivity  to  thermal  processing  may  actually  be  due  to  the 
presence  of  in  the  furnace  cooled  metal  rather  than  a higher 
degree  of  sro  (with  respect  to  its  duplex  annealed  counterpart) 
based  on  the  results  of  Welsch  et  al  (Reference  13).  Thus  one 
could  argue  that  the  Lewis  et  al  results  support  the  concept  that 
the  growth  rate  stacking  with  alloy  composition  shown  in  Figure  30 
for  basal  crack  growth  is  caused  by  differing  degrees  of  ordering. 
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However,  sro  or  are  three  dimensional  phenomena  and  if  one  alone 
were  responsible  for  the  alteration  in  growth  rate  with  alloy 
composition  shown  in  Figure  30,  it  would  be  very  difficult  to 
explain  the  prism  plane  cracking  results  presented  in  Figure  29 
for  the  same  three  alloys  where  it  is  reasonable  to  conclude  that 
he  various  materials'  growth  rates  are  not  sensitive  to  altera- 
tions in  alloy  cnem^strv.  In  this  regard,  Powen  (Reference  8) 
has  shown  that  a major  source  of  fatigue  striation  formation  at 
high  Og  (>20  Ksi^in.)  in  both  LT  and  TL  orientations  of  basal 

transverse  textured  6 A 1 - 4 V Ti  is  { 1 0 1 1 : /{ll22):<1123>  or 

a a a 

<c  + a>^  slip.  Thus  at  high  A K where  growth  rate  differences  e x 1 “ t 
between  the  various  alloy  compositions  in  Figure  30,  the  two  sample 
orientations  (TL  6 LT)  even  share  a common  slip  system  mechanism 
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which  accounts  fr.  a major  fraction  of  the  crack  advance  we 
measured  at  any  given  A K . Thus,  although  sro  may  not  he  the  sole 
cause  of  the  differences  seen  in  Figure  30,  we  shall  show  that  it 
is  a necessary  hut  not  sufficient  condition  for  these  differences. 

Tn  Figure  9,  we  note  that  (0001)  : *1010*^  or  Tl  oriented  growth 

for  6 A 1 - 4 V Ti  FLT  Orade  is  only  significantly  faster  than  (1010): 

< 0 0 n 1 > or  I.T  oriented  growth  at  a A K below  12  Ksi  ^ i n . A com- 
parison of  Figures  12(a)  and  13(a)  suggests  a change  in  fracture  mode 
from  a major  fraction  of  tie  crack  advance  occurring  in  a "near 
basal"  cleavage  mod.'  at  low  AK  where  the  IT.  growth  was  accelerated 
with  respect  to  l.T  _triated  fatigue  of  the  type  analyzed  by  Bowen 
(Reference  ft)  at  high  AK.  "Near  basal"  cleavage  cracking  also  was 

the  predominant  mode  of  crack  advance  on  (0001)  : <1010*  oriented 

a 3 

samples  in  6A 1 - 2 Sn- 4 ?.  r - 6Mo  Ti  at  low  AK  (see  Figure  14(a)).  Thus, 
one  of  the  contributors  to  the  differences  in.  fatigue  crack  growth 
rates  noted  in  Figures  9-11  between  TL  and  LT  oriented  samples  at 
low  AK  is  the  occurrence  of  extensive  "near  basal"  cleavage  in 
the  former  orientation. 

Having  identified  "near  basal"  cleavage  as  one  source  of  lab  air 
fatigue  crack  growth  acceleration  (with  respect  to  (1010)  : c 0 0 f>  1 ^ ^ 

fatigue  crack  growth),  another  chemical  difference  between  the  three 
major  alloy  compositions  employed  in  this  work  takes  on  new  signi- 
ficance and  should  he  considered.  The  hydrogen  contents  of  these 
three  materials  is  also  different. 
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Variation  of  Hydrogen  Content 
With  Alloy  Type 

Alloy  Type  Hydrogen  fontent 

(ppm  hy  w t . ) 

6A1-4V  T 1 ELI  Grade  20 

6A1-4V  T1  Standard  Grade  44 

6Al-2Sn-47.r-6Mo  Ti  68 

In  tils  regard,  M e v n (Reference  10)  has  shown  slow  stable  tear 
In  6A1-4V  Tl  plate  t r be  a function  of  the  hydrogen  content  of  the 
metal.  These  observations  were  made  In  lab  air  under  static  load- 
ing. Fractograp’nl  ca  1 ly , he  reported  that  the  maior  mechanism 
for  his  observed  slow  stable  tear  was  "near  basal"  cleavage.  More- 
over, the  aluminum,  hydrogen  and  oxygen  levels  employed  in  his  work 
covered  the  range  of  chemical  compositions  studied  here.  Let  us 
assume  for  a moment  that  the  "near  basal"  cleavage  observed  in 
Figures  12(a)  and  14(a)-(b)  is  caused  by  the  presence  of  hydrogen 
In  the  alpha  phase.  Incidentally  the  hydrogen  level  in  the  Lewis  et 
al  metal  was  59  ppm  by  wt . Furthermore,  recognizing  that  the  hy- 
drogen content  of  the  6Al-2Sn-4Zr-6Mo  Tl  is  appreciably  higher 
than  its  6A1-4V  Tl  counterpart  and  yet  the  Standard  Grade  6A1-4V  Tl 
cracks  more  rapidly  In  Figure  30,  then  the  presence  of  hvdrogen  in 
the  overall  alloy  can  again  be  assumed  to  be  a necessary  but  not 
sufficient  condition  for  da/dn  acceleration.  In  this  case,  accelera 
tlon  is  defined  with  respect  to  what  that  growth  rate  would  he  if 
fatigue  crack  advance  took  place  at  low  A K (Figure  12(a)  and  figure 
14(a)  4 (b))  as  It  does  above  AK  = 17  Ksi  /In . (Figure  13(a))  where 

the  dislocation  slip  and  twinning  mechanisms  described  by  Bowen 
(Reference  8)  apply.  Schematically  the  da/dn  versus  AK  relations 
hypothecated  here  are  as  follows: 


188 


lab  air 


da/dn 


/ < 0 0 0 1 > : < 1 0 i 0 > Orientation 

/a  a 

C r a c k A d v - / R = 0.1 


At  tills  point  in  our  deliberations  it  appears  reasonable  to 

stace  that  there  is  a moderate  amount  of  circumstantial  evidence 

that  sro  and  the  alloy's  hydrogen  content  are  able  to  combine 

in  some  as  yet  undefined  manner  to  cause  lab  air  crack,  growth 

acceleration  at  low  AK  on  (0001)  in  the  nominal  <1010>  . In 

a a 

order  to  appreciate  how  important  these  two  factors  are  in  con- 
trolling fatigue  crack  acceleration  by  "near  basal"  cleavage, 
let  us  review  the  results  we  obtained  as  a function  of  heat 
treatment  in  salt  water  with  TL  oriented  samples.  In  a salt 
water  environment,  we  have  shown  that  a majority  of  the  da/dn 

acceleration  at  low  AK  on  (0001)  : <1010>  present  when  samples 

a a 

of  6 A 1 - 4 V Ti  ELI  Grade  were  slowly  cooled  from  1700°F  to  room 
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temperature  (at  <LOO°F/hour)  can  be  removed  when  this  same 
material  is  simply  reheated  to  1400°F  held  for  one  hour  and 
cooled  at  a rate  exceeding  2000°F/hour  f see  Figure  20).  It 
should  be  recalled  here  that  the  additional  heat  treatment 


given  the  metal  in  the  latter  case  did  not  change  either  its 
textural  intensity  or  tensile  properties  (with  respect  to  the 
furnace  cooled  metal).  From  the  viewpoint  of  alpha  phase  chem- 
istry, the  slowly  cooled  metal  is  expected  to  be  slightly  richer 
in  aluminum  and  oxygen  content  and  slightly  deficient  in 
vanadium  with  respect  to  its  duplex  annealed  counterparts. 
Considering  the  strong  degree  to  which  aluminum  and  oxygen 
partitions  to  the  alpha  phase  and  vanadium  partitions  to  the 
beta  phase  at  1400°F,  differences  in  the  chemical  consituent  makeup  of 
the  oi  phase  In  the  two  heat  treatment  conditions  employed  here 
are  expected  to  be  quite  small.  This  ascertion  finds  support 
in  the  fact  that  the  tensile  properties  after  either  of  the 
two  heat  treatments  were  identical.  Based  on  the  previously 
cited  results  associated  with  the  stability  and  occurrence  of 
long  range  ordering  of  Al  and  0 in  Ti-Al-V  alloys  (References 
12  and  13),  one  factor  which  should  have  undergone  a major  change 
as  a result  of  duplex  annealing  a previously  furnace  cooled  metal 
is  the  degree  to  which  Al  and  0 are  short  range  ordered.  In  the 
case  of  the  duplex  annealed  metal,  one  expects  the  degree  of  sro 
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to  he  quite  small  compared  to  the  sro  state  of  the  furnace 
cooled  material. 


Besides  the  difference  in  the  degree  of  sro  between  the  duplex 
annealed  material  and  the  furnace  cooled  metal,  there  must  oe 
another  factor  required  to  cause  the  metal  to  cleave  in  a "near 
basal"  mode  in  salt  water.  Recall  that  it  was  shown  earlier  that 
the  fractographic:metallographic  crack  paths  in  salt  water  were 
identical  in  the  two  6A1-4V  Ti  ELI  Grade  heat  treatment  conditions 
(i.e.,  'near  basal"  cleavage).  "Near  basal"  cleavage  was  also  an 
important  contributor*  to  crack  advance  at  low  AK  when  TL  oriented 
-amples  were  fatigue  tested  in  lab  air  in  either  of  the  two  heat  treatment 
conditions.  However,  in  the  case  of  our  iab  air  results,  no  dif- 
ference in  crack  growth  rate  at  any  AK  was  discernible  when  Rex'l  I 
and  duplex  annealed  6A1-4V  Ti  ELI  Grade  products  were  compared  at 
any  AK.  A major  difference  between  the  6 A 1 ••  4 V Ti  ELI  Grade  da/dn 


*as  Bowen  (Reference  8)  points  out  foi  6A1-4V  Ti  ELI  Grade  metal, 
crack  growth  advance  in  TL  oriented  samples  of  basal  transverse 
textured  metal  at  AK's  > 17  Ksi  /in.  ts  a complex  admixture  of 
{1121}  twinning  and  <c+a>  slip.  At  significantly  lower  AK  in  lab 
air,  we  find  "near  basal"  cleavage  playing  a large  role  as  well  but 
some  fraction  of  crack  advance  continues  to  occur  via  Bowen's 
previously  identified  mode.  Compare  Figures  12(a)  and  14(a)  & (b) 
with  Figure  13(a). 


tests  conducted  in  lab  air  and  salt  water  was  the  amount  of 
hydrogen  available  to  enter  the  plastic  zone  surrounding  the 
propagating  crack.  Essentially  the  sale  water  environment  re- 
presents an  extremely  large  source  of  hydrogen  compared  with  the 
20  ppm  of  hydrogen  that  was  available  when  this  metal  cracked  in 
lab  air.  It  is  for  this  reason  probably  that  vacuum  degassing  the 
6 A 1 - 4 V Ti  ELI  Grade  metal  produced  no  further  decrease  in  the 
metals  da/dn  rate  in  salt  water  (see  Figure  21).  Based  on  the 
present  effort,  one  can  postulate,  therefore,  that  If  a substantial 
quantity  of  hydrogen  is  present  in  the  6 A 1 - 4 V Ti  alloy,  the 
f r a c t ogr aph i c result  expected  upon  the  application  loads  normal 
to  (0001)  is  "near  basal"  cleavage.  Frac tographical ly , our  lab 

Cl 

air  da/dn  samples  showed  "near  basal"  cleavage  to  cover  a major 
fraction  of  Figures  12(a)  and  14(a)  & (b).  By  contrast  in  Figure  18, 

evidence  of  all  other  fracture  modes  are  gone  and  the  fracture  face 
consists  of  100%  "near  basal"  cleavage.  This  alteration  provides 
additional  suprort  to  the  concept  that  one  role  of  the  saline  so- 
lution is  to  supply  large  quantities  of  hydrogen  to  the  crack  tip 
plastic  zone.  In  agreement  with  this  postulate  connecting  hydrides 
and  "near  basal"  cleavage  Faton  and  Spurling  (Reference  18)  have 
shown  that  in  a Tl-6.6  wt%  A1  binary  alloy,  low  hydrogen  super- 
saturation concentration  (at  least  down  to  100  ppm  by  wt.)  will  lead 
to  hydride  platelet  precipitation  on  the  basal  plane.  Moreover, 
such  hydride  precipitation  will  occur  preferentially  In  the  area  of 
high  residual  stress.  The  fracture  of  such  hydride  particles, 
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habited  on  the  basal  plane  as  it  were,  would  be  expected  to  occur 
by  a cleavage  mode. 

A major  question  still  remains  as  to  why  the  presence  of  a sig- 
nificantly higher  degree  of  sro  in  the  slowly  cooled  metal  should 
result  in  such  a large  degree  of  crack  growth  acceleration  in  salt 
water  (and/or  lab  air.  if  one  considers  the  Lewis  et  al  results 
as  well)  if  the  principal  fractographic  mode  is  "near  basal" 
cleavage  in  both  heat  treatment  conditions.  A possible  answer  to 
this  question  is  suggested  by  Paton  and  Spurling's  observation  that 
in  order  to  precipitate  a hydride  platelet  on  the  basal  plane,  basal 
slip  bands  are  formed  which  emanate  from  the  tips  of  these  platelets 
"in  order  to  provide  an  accomodation  mechanism  for  the  large  (^  - 3 8 ) 
misfit  of  the  hydrides  in  their  titanium  matrix.''  If  the  degree  > f 
local  or  short  range  order  is  high  enough,  the  ability  of  these 

accomodation  basal  slip  bands  to  form  is  restricted.  Since  a 1 i 

I 

hydride  platelet  is  1 8 % largerby  volume  than  the  alpha  phase 

matrix  in  which  it  must  form,  restricting  or  preventing  the  forma- 
tion of  accomodation  basal  slip  bands  at  the  edge  of  the  platelets 
leaves  the  lattice  badly  distorted  in  this  region.  Moreover,  the 
distortion  of  the  alpha  phase  matrix  at  the  platelet  edge  takes 

> the  form  of  residual  tension  normal  to  the  basal  plane  (balanced 

by  compression  on  the  face  of  the  particle).  A crack  approaching 
such  a configuration  is  accelerated  through  this  region  because 
relief  of  this  lattice  distortion  will  act  as  an  additional  source 
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of  crack  propagation  energy  (over  end  above  that  supplied  by  the 
externally  applied  strain  field). 

The  above  hypothesis  emphasizes  that  fatigue  crack  growth  rate 

acceleration  on  (0001)  in  both  salt  water  and  lab  air  in  a + $ 

a 

alloys  requires  the  simultaneous  presence  of  both  hydrogen  and 
some  reasonable  degree  of  short  range  order  in  the  a phase.  While 
substantial  evidence  now  exists  to  support  this  thesis,  several 
experiments  come  to  mind  which  should  be  done  to  continue  to  build 
confidence  in  this  crack  growth  acceleration  mechanicsm. 

• Lab  air  da/dn  tests  in  alpha  rich  Ti  alloys  on 

( 0 0 0 1 ) ^ : <10l0>aas  a function  of  oxygen  level 

aluminum  level,  hydrogen  level  and  the  degree  of 
sro  (e.g.,  as  can  be  varied  by  duplex  annealing). 

• Salt  water  environmental  testing  of  (0001)  : <1010> 

a a 

fatigue  crack  growth  rates  as  a function  of  degrees 
of  sro  at  oxygen  and  aluminum  levels  equivalent  to 
those  employed  here  in  6A1-4V  Ti  Standard  Grade,  etc. 

It  should  be  noted  that  since  sro  plays  an  important  role  in  this 
hypothesis,  one  should  riot  be  surprised  if  the  minimum  stabiliza- 
tion temperature  in  the  duplex  anneal  (i.e.,  1400°F  in  the  case  of 

6A1-4V  Ti  F.LI  Grade)  required  to  minimize  the  rate  of  "near  basal" 
cleavage  varied  with  alloy  chemistry  (i.e.,  oxygen  level,  aluminum 
level,  etc.).  For  example,  6Al-2Sn-4Zr-6Mo  Ti  in  this  study  was 
stabilized  at  1200°F  prior  to  rapid  cooling.  This  stabilization 
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temperature  was  chosen  based  on  William’s 
is  the  lowest  temperature  at  which  any 

from  the  previous  heat  treatment  step  of  slow  cooling  from  1 7 0 0 ~ F 
will  rapidly  dissolve  (J.  C . Williams,  Carnegie-Mellon  University, 
Private  Communication,  1976).  As  Christian  points  out,  however, 
sro  can  be  very  intense  lust  above  the  order rdisorder  transformation 
temperature  (Reference  16).  Thus,  although  the  6A 1 - 2 Sn- 4 Z r - 6Mo  Ti 
was  subjected  to  a "duplex"  heat  treatment,  the  stabilization  temp- 
erature in  the  treatment  was  such  as  to  magnify  the  rate  of  growth 
of  a "near  basal'  cleavage  crack  under  the  proposed  hypothesis 
rather  than  minimize  it.  Of  course,  one  expects  that  the  worst 
possible  case  here  would  be  one  where  u ^ > itself,  was  extensively 
present  and  hydrogen  was  available  at  the  crack  tip  as  could  well 
have  been  the  case  in  the  Lewis  et  al  study. 


observation  that  this 
present  in  the  alloy 


Completer  verification  of  our  proposed  model  for  the  acceleration 
of  "near  basal"  cleavage  fatigue  crack  growth  has  real  practical 
as  well  as  academic  importance  at  this  time.  Firstly,  from  an 
engineering  data  perspective,  this  form  of  accelerated  growth  is  the 
only  significant  type  available  in  equiaxed  two  phase  a + 6 micro- 
structures. Recall,  that  fatigue  growth  on  (1010)  : < 0 0 0 1 > for 

& Cl 

example,  is  quite  insensitive  to  the  details  of  alloy  chemistry  and 
thermal  practice  in  lab  air  and  only  mildly  so  in  salt  water  when 
compared  to  the  alterations  possible  on  (00 01)  <1010>a  oriented 
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samples  when  these  same  parameters  are  varied.  Secondly,  a 

significant  fraction  of  aerospace  Ti  hardware  is  fabricated  such 

that  it  is  used  in  a slowly  cooled  a + S equiaxed  condition  (from 
o 

above  1300  F).  Moreover,  current  specification  requirements  for 
hydrogen  content  are  set  at  125  ppm  by  weight  as  a maximum  (i.e., 
well  in  excess  of  the  level  of  hydrogen  present  in  any  of  the  metals 
studied  here)  and  no  controls  exist  with  respect  to  the  allowed 
Intensity  of  preferred  basal  poles.  Trends  toward  the  use  of  sue! 
slowly  cooled  metal  are  increasing  with  the  introduction  of  such 
cost  saving  manufacturing  processes  as  diffusion  bonding,  super- 
plastic forming  and  isothermal  forging.  The  common  denominator  of 
all  three  of  the  above  processes  is  that  they  are  used  to  generate 
precisely  dimensioned  structural  components  at  elevated  temperatures 
(in  the  case  of  6 A 1-4 V T i , at  >>1300° F).  Since  rapidly  cooling 
precisely  dimensioned  structural  components  or  "net  parts"  requires 
expensive  tooling  if  extensive  warpage  is  to  be  avoided,  the  aero- 
space industry  is  going  to  be  loathe  to  consider  such  an  additional 
thermal  process  step  unless  sufficient  incentive  is  provided.  A 
potential  method  for  avoiding  the  need  to  rapidly  cool  a reasonable 
fraction  of  such  hardware  would  be  to  vacuum  anneal  the  raw  stock 
at  about  1550°F  prior  to  producing  the  "net  shape"  assuming  the 
material's  hardware  useage  would  not  involve  exposure  to  saline 
water.  Requiring  Ti  raw  material  producers  to  supply  metal  with  a 
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random  array  of  basal  poles  represents  only  a partial  solution 
to  the  problem  of  da/dn  acceleration  assuming  the  producers 
know  how  to  do  this  on  a commercial  basis  and  were  willing  to 
guarantee  such  a product.  This  approach  would  certainly  lessen 
the  da/dn  acceleration  observed  in  slow  cooled  metal  by  averaging 
rates  on  the  prism  and  basal  planes  in  some  complex  fashion  but 
should  not  be  expected  to  remove  it. 

Let  us  turn  our  attention  to  fatigue  crack  growth  on  (1010):  < 0 0 0 1 > ^ 

in  lab  air.  As  noced  earlier  in  connection  with  Figure  29,  fatigue 
crack  growth  over  the  A K range  10  Ksi  /in  . - 4 5 K s i /Tn  , is  rela- 
tively insensitive  to  allov  chemistry  details.  This  result  is  In 
keeping  with  Bowen's  approach  (Reference  8)  that  crack  growth  above 
20  Ksi  /in.  can  be  accounted  for  in  terms  of  a combination  of  <-c  + a>a 
slip  generating  striated  fatigue  and  monotonic  fracture  (ductile 
tear  and  shear).  Essentially  our  crack  growth  and  f r a c t o g r a p h i c 
results  extend  Bowen's  hypothesis  to  crack  growth  rates  which  are 
a factor  of  10  lower  than  his  observations.  Of  importance  here 
is  the  point  that  forcing  a significant  portion  of  the  crack  ad- 
vance to  occur  monotonicallv  at  da/dn  rates  as  low  as  7 x 10 
inches/cycle  (see  Figure  12(b))  should  lead  to  this  orientation 
exhibiting  a higher  AK  threshold  level  than  would  otherwise  be 
expected  if  crack  advance  was  totally  striated  as  was  argued  in 
the  Introduction  of  Part  III.  A higher  AK  threshold,  in  turn. 


197 


F 


f 


should  result  in  this  orientation  exhibiting  a higher  degree 
of  fatigue  crack  growth  retardation  during  variable  load  amplitude 
testing  for  reasons  cited  earlier  than  would  orientations  where 
growth  occurs  in  a totally  striated  fashion. 

One  of  the  more  surprising  observations  in  this  study  was  the 
incidence  of  some  type  of  prism  cleavage  at  low  A K in  salt  water 
(see  Figure  25).  This  cleavage  did  not  appear  to  cause  any  major 
acceleration  of  crack  growth  which,  in  turn,  varied  as  a function 
of  final  thermal  processing  or  alloy  chemistry  at  least  based  on 
the  preliminary  observations  made  during  the  current  9tudy.  At 
high  AK  in  salt  water,  this  orientation  exhibited  striated  fatigue 
(see  Figure  26)  and  thus  one  can  state  that  whatever  mechanism 
generates  this  type  of  cleavage  failure,  it  is  only  important 
at  low  AK  and  only  generates  a modest  degree  of  acceleration 
with  respect  to  lab  air  da/dn  data.  Certainly  more  effort  is 
needed  here  as  well. 

Finally,  some  comments  should  be  offered  with  regard  to  the 
frequency  dependence  of  the  fatigue  crack  growth  rates  we 
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observed  in  both  test  orientations  in  saline  water.  As 
Dawson  and  Pelloux  point  out  the  shift  of  growth  rate  with 
frequency  (say  from  20  hertz  to  2 hertz)  is  complex  (Reference 
9).  The  results  we  obtained  here  for  both  test  orientations  in 
terms  of  the  shift  of  growth  rate  with  frequency  alteration  in 
salt  water  agree  rather  well  with  their  earlier  results.  This 
is  rather  impressive  since  the  mechanisms  controlling  the  accelera- 
tion (salt  water  vs  lab  air)  we  observed  in  the  two  orientations 
are  more  than  likely  governed  by  different  microscopic  processes 
once  the  iK  frequency jconbination  is  such  that  the  Dawson  and 
Pelloux  "passivating  film"  remains  ruptured  throughout  a majority 
of  the  load  cycle. 

In  discussing  our  current  results  for  fatigue  crack  growth  on 

(0001)  : <1010>  , we  proposed  that  the  same  model  for  "near  basal" 

a a 

cleavage  governed  growth  rate  accelerations  in  lab  air  and  salt 
water.  In  this  model,  the  saline  environment  played  an  important 
role  as  a source  of  hydrogen  which  could  readily  be  diffused  into 
the  plastic  zone  at  the  crack  tip  and  thus  effectively  raise  the 
hydrogen  concentration  of  the  metal  on  a local  basis.  In  the  lab 
air  tests,  the  only  source  of  hydrogen  is  whatever  is  dissolved 
in  the  metal  to  start.  Unfortunately  no  da/dn  tests  were  run  as 
a function  of  load  cycle  frequency  in  lab  air  in  this  effort  to 
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determine  whether  a comparable  shift  in  crack  growth  on  (0001  ) : 

< 1 0 1 0 > exists  in  lab  air  with  alterations  in  load  cycle  fre- 
queucy.  It  should  be  recalled  that  enough  Ti  alloy  da/ dn  testing 
has  been  done  by  various  investigators  over  an  extensive  period 
of  time  that  it  is  generally  accepted  that  shifts  in  da/dn  with 
load  cycle  frequency  alterations  will  be  small  in  lab  air  (com- 
pared to  what  is  observed  from  time  to  time  in  salt  water),  if  they 
exist  at  all.  If  the  proposed  model  of  "near  basal"  cleavage 
crack  growth  acceleration  does  apply  equally  in  lab  air  and  a 
saline  environment,  one  must  explain  why  the  da/dn  frequency  shift 
in  an  enert  environment  such  as  lab  air  would  be  expected  to  be  much 
smaller  than  is  observed  in  an  aqueous  saline  environment.  In 
this  regard,  if  one  tests  in  lab  air,  the  only  hydrogen  participating 
in  the  process  is  already  dissolved  in  the  metal.  At  7 0 ° F hvdrogen 
can  diffuse  on  the  order  of  a O.lu  per  second  in  pure  titanium 
(Reference  19)  or  more  than  3 times  the  rate  of  crack  advance  for 
the  conditions  of  20  cps  and  1 x 10  ^ inches/cycle.  Thus,  dissolved 
hydrogen  should  be  readily  available  to  the  crack  tip.  In  the 
case  cf  salt  water  testing,  the  saline  solution  is  expected  to 
supply  a large  quantity  of  hydrogen  according  to  our  model.  The 
large  da/dn  frequency  shifts  observed  in  salt  water  could  well 
he  tied  up  with  the  rates  at  which  one  or  more  of  the  various 
the  in  ical/el  petrochemical  processes  occur  which  control  liberation 
of  hydrogen,  diffusion  of  it  through  the  liquid  phase,  absorption 
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of  It  at  1 iqu id : me t a 1 interface,  etc.  Finally,  some  data 
do  exist  which  suggests  that  there  is  a modest  shift  in  da/dn 
in  lab  air  with  frequency  for  (0001)^  : <1210>^  oriented  samples. 
Working  with  part  through  cracked  samples  of  strongly  basal 
transverse  textured  6A1-4V  Ti  in  high  humidity  air  (>85%),  Pettit 
et  al  (Reference  2)  reported  at  a AK  = 10  Ksi/TiT.  that  da/dn  in 
humid  air  shifted  from  7 x 10  ^ inches/cycle  at  10  hertz  to 
4 x 10  k inches/cycle  at  0.1  hertz  (R  = 0.1).  The  metal  contained 
100  ppm  of  hydrogen. 
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CONCLUSIONS 

(1)  Crack  growth  velocities  induced  by  either  static  or  fatigue 
loading  in  r ec r y s t a 1 1 i 2 e d 6A1-4V  Ti  and  6Al-2Sn-4Zr-6Mo  Ti 
alloys  are  a strong  function  of  alpha  phase  crystallography, 
final  thermal  practice  and  detailed  alloy  chemistry. 

(2)  Wording  with  strongly  basal  transverse  textured  versions 

of  both  generic  alloy  compositions,  two  c r y s t a 1 1 0 g r aph i c a 1 1 y 
distinct  modes  of  cleavage  fracture  have  been  identified 
during  fatigue  at  low  AK.  These  are  (1)  the  well  known 
"near  basal"  cleavage  and  (2)  cleavage  on  or  near  the 
prism  plane  of  the  alpha  phase. 

(3)  The  velocity  of  cracks  propagating  via  a "near  basal" 
cleavage  mode  is  very  sensitive  to  minor  changes  in  final 
thermal  processing  and  alloy  chemistry.  Combinations  of 
such  small  changes  can  alter  the  observed  crack  growth  rates 
by  a factor  of  100  during  fatigue  in  3.5 7.  NaCl  in  l^O. 

(4)  In  contrast  to  the  extreme  velocity  sensitivity  of  "near 
basal"  cleavage  to  minor  metallurgical  changes,  prism 
cleavage  is  virtually  insensitive  to  such  changes. 


(5)  "Near  basal"  cleavage  could  be  readily  induced  by  statically 

loading  a cracked  (0001)q  : < 10l0>a  or iented  sample  of  either 

6A1-4V  Ti  or  6A1- 2Sn-4Zr-6Mo  Ti  in  3.5%  NaCl  in  H20.  The 
same  fracture  mode  also  occurred  during  the  static  loading 
of  similarly  oriented  samples  of  6Al-2Sn-4Zr-6Mo  Ti  in 

lab  air. 

(6)  Prism  cleavage  was  never  observed  during  static  loading  of 

cracked  (1010)  : *0001>^  oriented  samples  of  either  alloy 

in  this  program  in  either  lab  air  or  3.5%  NaCl  in  H^O.  In 

fact,  cracks  could  not  be  induced  to  grow  statically  in 
this  orientation  in  either  alloy  in  lab  air  or  3.5%  NaCl 
in  H^O  even  at  loadings  equivalent  to  80%  of  their  mixed 
mode  fracture  toughness. 

(?)  A model  is  proposed  to  account  for  "near  basal"  cleavage 
crack  growth  observed  under  static  and  fatigue  loadings 
in  lab  air  and  3.5%  NaCl  in  1^0  environments  which  predicts 
that  the  velocity  of  such  "near  basal"  cleavage  cracks  is 
a product  of: 

f (hydrogen  concentration^  g (short/long  range 
ordering  of  A1  and  0 in  •'he  alpha  phase) 


(8)  The  metallurgical  origins  of  prism  cleavage  are  unclear 
at  this  time.  Prism  cleavage  has  been  observed  during 
the  3 . NaCl  in  l^O  fatigue  crack  growth  testing  of 
6A1-4V  Ti  and  in  lab  air  during  similar  tests  with 

6 A 1- 2 S n - 4 Z r - 6Mo  Ti.  In  no  case  when  it  was  observed 
was  there  any  marked  acceleration  of  crack  growth  rate 
associated  with  its  occurrence. 

(9)  From  an  engineering  perspective,  if  our  "near  basal" 
cleavage  model  is  correct  and  there  truly  is  a strong 
dependence  of  "near  basal"  cleavage  velocities  on  degree 

of  ahort/long  range  Al  + 0 ordering  in  the  alpha  phase,  then 
one  expects  the  fatigue  crack  growth  rates  (in  lab  air  and 
salt  water)  of  all  a + 8 Ti  alloys  will  be  very  sensitive 
functions  of  the  final  cooling  rate  the  product  sees  the 
last  time  it  is  heated  to  a temperature  in  the  range  1000°F 
1300°F  as  has  been  seen  here  in  the  case  of  6A1-4V  Ti  ELI 
Grade.  For  example,  this  alloy  composition  cracked  10  times 
faster  at  2 hertz  in  3.5  NaCl  in  H^O  when  it  was  furnace 
cooled  through  this  temperature  region  (<100°>7/V.  han 

when  it  was  air  cooled  through  thir  same  temperature 
range  ( > 2 000° F /h r . ) . 
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(10)  Several  new  cost  saving  Ti  fabrication  methods  (diffusion 
bonding,  superp  last  if  forming  and  isothermal  forging) 
effect  their  cost  saving  by  producing  a virtually  "net  part 
through  metal  flow  above  1400°F  in  the  case  of  6A1-4V  Ti. 
These  parts  are  then  slowly  cooled  in  their  tooling  to 
room  temperature  and  then  used  in  this  final  heat  treatment 
state.  Recognizing  the  potential  problems  that  could  arise 
as  these  novel  manufacturing  practices  are  adopted  for  use 
in  the  aerospace  industry,  recommendations  are  presented 
for  their  avoidance  and  specific  tasks  are  suggested  for 
research  in  this  important  area. 
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